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Abstract 
Investigations of separated and reattaching flows over three-dimensional bluff bodies in 
turbulent boundary layers are important because of the large aerodynamic loads that these 
flows cause. For example, roofs of low-rise buildings are vulnerable to this kind of wind 
loading. Turbulence in the upstream flow affects the pressure distributions and the mean 
size of separation bubbles formed on bluff body surfaces. Whereas a number of studies 
have focussed on two-dimensional separation bubbles and surface pressures, a 
comprehensive understanding of the surface pressures and the separating-reattaching 
flows in relation to the turbulence in the incident boundary layers for surface-mounted, 
three-dimensional bluff bodies have not been developed. In this study, the effects of 
turbulence intensities and length scales in the approaching boundary layer flows on 
surface-mounted three-dimensional bluff bodies are investigated. Particle Image 
Velocimetry measurements of the roof separation bubble, along with surface pressure 
measurements, were taken for six different upstream conditions. The results were 
analyzed to understand the responses of the separating-reattaching flows, along with the 
mean and fluctuating pressure fields, to the turbulence properties in the approach flow. 
The mean reattachment length is found to be unaffected by the turbulence length scales 
(over the range examined), whereas turbulence intensity affects reattachment lengths 
significantly. The normalized mean pressure distribution was found to be a function of 
both the mean reattachment length and the upstream turbulence intensity. A method of 
estimating the mean reattachment lengths of the roof separation bubble from measured 
surface pressures and roof height turbulence intensity is proposed. Separating-reattaching 
flows exhibit self-similarity of the mean flow field, whereas the fluctuating flow fields do 
not exhibit similarity. The distributions of surface pressure fluctuations respond to both 
turbulence intensity and length scales in the upstream flow. Surface pressures near the 
leading edge are observed to be highly correlated with the velocity field just outside the 
separated shear layer near the leading edge and with the area-averaged swirling strength 
under the whole separation bubble. For surface-mounted three-dimensional bluff bodies, 
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these findings provide some valuable insights on the fundamental features of the 
separated-reattaching flows and surface pressures. 
 
Keywords 
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layers; turbulence; low-rise buildings; building aerodynamics. 
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Chapter 1  
1 Introduction 
 
1.1 Background 
Separation of flow from the surface of bluff bodies is a fundamental phenomenon in the 
area of bluff body aerodynamics. For bluff bodies with sharp edges, flow separation can 
occur under a large variety of conditions; even at low Reynolds numbers (Tritton, 1988). 
For flows over sharp-edged bluff bodies, there is a point on the windward face where the 
flow stagnates, i.e., the flow is brought to rest. The streamline connected to the stagnation 
point is known as the stagnation streamline. Away from the stagnation point, a boundary 
layer is formed on the windward surface. When these boundary layers reach a (sharp) 
edge, they separate from the body and move downstream. The separated flow often bends 
towards the surface and reattaches on the surface, if the bluff body is sufficiently long in 
the streamwise direction. The point on the bluff body surface where the mean flow 
reattaches is known as the reattachment point. Upstream of the reattachment point, back 
flow occurs near the surface and recirculates to form a highly turbulent recirculation 
region known as separation bubble. The distance between the separation point and the 
mean reattachment point is defined as the reattachment length while the streamline 
connecting the separation point and the reattachment point is known as the separating – 
reattaching streamline. For two-dimensional bluff bodies placed in a uniform flow, there 
are boundary layers both above and below the stagnation streamline, which behave 
similarly. However, for surface-mounted bluff bodies, the flow beneath the stagnation 
streamline forms an additional recirculating region at the base of the bluff body due the 
presence of the solid boundary. For surface-mounted, three-dimensional bluff bodies this 
recirculating flow follows the sides of the bluff body as the flow moves downstream 
(Martinuzzi & Tropea, 1993). 
Investigation of the separated flow near the leading edge of the bluff bodies has received 
special attention by researchers since there are large pressure fluctuations on the surface 
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beneath the separation bubble. Examples of this phenomenon are the generation of large 
uplifting loads on the roofs of low-rise buildings or on roof-mounted structures such as 
solar panels. This is one of the major causes of the damage during windstorms (Saathoff 
& Melbourne, 1997). Flow properties in the separated flow region and the aerodynamic 
forces acting on a bluff body depend largely on the characteristics of the upstream flow. 
Researchers have shown that, for two-dimensional bluff bodies placed in uniform 
upstream flow, the structure of the separation bubble, pressure fluctuations underneath 
the separation bubble, the length of the separation bubble and forces exerted on the bluff 
bodies are strongly dependent on the turbulence parameters in the free stream (Gartshore, 
1973; Hillier & Cherry, 1981). Free stream turbulence properties affecting the separation 
bubble properties are turbulence intensities and the turbulent scales. Turbulence intensity 
is a measure of the velocity fluctuations in the flow while the turbulent integral length 
scale is a measure of the size of the energy containing eddies in the flow. 
Many of the engineered structures which experience the effects of separated and 
reattaching flows are three-dimensional and mounted on earth’s surface (e.g., low-rise 
buildings). The flow around these structures is caused by the highly turbulent 
atmospheric surface layer. Whereas there have been a number of studies focusing the 
separating – reattaching flows over sharp-edged, two-dimensional bluff bodies placed in 
uniform flows with comparatively lower levels of turbulence, separated and reattaching 
flows over three-dimensional bluff bodies in high turbulent boundary layer flows have 
received comparatively less attention in literature. There are some similarities in the flow 
features and surface pressures of two-dimensional and three-dimensional bluff bodies. 
However, as will be discussed in the following chapters, there are significant differences 
as well. Due to the numerous practical applications, flow features and surface pressures 
on surface-mounted three-dimensional bluff bodies (e.g., buildings) are required to 
examine in detail. Also, the influences of turbulence properties in the incident boundary 
layer flows on the flow features and aerodynamic loads on surface-mounted three-
dimensional bluff bodies need to be investigated as the turbulence properties in the 
incident boundary layer flows vary over a wide range, depending on location and other 
structures in the surroundings. 
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The lack of significant experimental data for separation bubbles on bluff bodies in highly 
turbulent streams is perhaps due to the challenges of conventional flow measurement 
techniques (e.g., Pitot tubes, hot-wire anemometry) in highly turbulent and recirculating 
flow regions (Agelinchaab & Tachie, 2008). Since many conventional techniques are 
either point measurement or qualitative (e.g., flow visualization) flow measurement 
techniques, it has been difficult to capture reliable quantitative information of the flow 
features in the whole separation bubble. In addition, one-dimensional computational 
models fail to predict flow separation (Sherry et al., 2010). Hence, it is necessary to 
employ modern experimental flow measurement techniques, Particle Image Velocimetry 
(PIV) being but one example, to measure the separating – reattaching flows with high 
accuracy. 
Whereas a number of studies have focussed on surface pressure measurements on sharp-
edged bluff bodies (two-dimensional bluff bodies in particular) in a variety of upstream 
condition, few studies have involved measurements of the flow fields in relation to 
surface pressures; especially for surface-mounted, three-dimensional bluff bodies. For 
surface-mounted, three-dimensional bluff bodies the effects of different incident flow 
conditions on the velocity field and surface pressures together have received less 
attention in literature. Hence, the relationships between upstream turbulence properties 
with separated and reattaching flow fields and surface pressures for surface-mounted 
three-dimensional bluff bodies have not been systematically developed. 
Various features of the separation bubble formed on the surface of two-dimensional bluff 
bodies in uniform upstream flows, including surface pressure distributions, have been 
investigated in the literature. The experimental studies of Hillier & Cherry (1981), Kiya 
& Sasaki (1983a), Nakamura & Ozono (1987) and Saathoff & Melbourne (1997) reveal 
some of the basic features of two-dimensional separation bubbles over a wide range of 
upstream turbulence intensity and length scale, when the results are considered together. 
The experimental studies mentioned here demonstrate that the mean reattachment lengths 
of the two-dimensional separation bubble in uniform upstream flows are dependent on 
the turbulence intensity in the upstream flow. Increasing turbulence intensities in the 
upstream causes a reduction in the mean size of the separation bubble while turbulence 
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length scales do not alter the mean size of the separation bubble. However, Nakamura & 
Ozono (1987) speculate, based on surface mean pressure measurements, that for large 
values of turbulence length scales in the upstream (relative to the size of the body) the 
mean reattachment lengths may be affected. Similarly, mean pressure distributions under 
the two-dimensional separation bubble are observed to be dependent on turbulence 
intensity. Increasing turbulence intensity is observed to increase the magnitudes of mean 
suction, cause quicker recovery, and move the location of the maximum mean suction 
closer to the leading edge (Hillier & Cherry, 1981; Kiya & Sasaki, 1983a; Nakamura & 
Ozono, 1987; Saathoff & Melbourne, 1989). Turbulence length scales affect surface 
mean pressures only at large values due to relatively slow fluctuations in the incident 
flow, leading the surface mean pressure distributions to become similar to the 
distributions for smooth upstream flow (Bearman & Morel, 1983; Nakamura & Ozono, 
1987). However, for surface-mounted three-dimensional bluff bodies, even though some 
of the basic flow features were studied (e. g., Castro & Robins, 1977 and Martinuzzi & 
Tropea, 1993), less information is known about the effects of turbulence properties in the 
boundary layer upstream on the distributions of surface mean pressures and the 
reattachment lengths. 
Investigations of the flow field in and around the separation bubbles are of fundamental 
importance as the unsteady flows over bluff bodies give rise to unsteady aerodynamic 
loads on bluff bodies. The features of the flow field in and around the two-dimensional 
separation bubble have been studied extensively. For example Kiya & Sasaki (1983a and 
1985), Cherry et al. (1984), Castro & Haque (1987), Saathoff & Melbourne (1997) have 
investigated the flow around two-dimensional bluff bodies placed in uniform smooth and 
comparatively low turbulence upstream flows. The existence of the Kelvin-Helmholtz 
vortices in the separated shear layer, the pairing of these vortices and impingement on the 
surface near the reattachment point has been well established in these studies. The surface 
pressures at the reattachment point are primarily characterized by the impingement of 
these vortices, whereas surface pressures close to the leading edge are affected by shear 
layer flapping (Kiya & Sasaki, 1985). The flow fields over two-dimensional bluff bodies 
are also affected by the turbulence properties in the upstream. Upstream flow interacts 
with the separated flow to alter the characteristics of the separated shear layer. Hillier & 
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Cherry (1981) and Bearman & Morel (1983) describe that turbulence in the upstream has 
the potential to alter the separated flow in two different ways: (i) causing earlier transition 
of the separated shear layer to turbulent, and (ii) by interacting with the turbulent 
structures present in the separated shear layer. Lander et al. (2016) show that turbulence 
on the stagnation streamline causes a bypass transition in the separated shear layer. In 
addition, Saathoff & Melbourne (1997) observe that turbulence intensity in the upstream 
causes the separated shear layer to roll-up closer to the leading edge as a result of 
increased perturbations in the separated shear layer. They also found the increased 
strengths of the shear layer vortices as turbulence intensity in the upstream is increased.  
There are some similarities in the flow characteristics of surface-mounted bluff bodies 
with two-dimensional bluff bodies placed in uniform upstream flows. For example, 
Sherry et al. (2010) observe the presence of shear layer flapping in the separated flow 
over a forward facing step. However, there are significant dissimilarities as well. The 
main difference is the presence of a recirculating region near the base of the surface-
mounted bluff body which, for three-dimensional bluff bodies, follows the sides of the 
bluff body, forming a large horseshoe-like vortex (Martinuzzi & Tropea, 1993), which, 
for forward facing step, moves over the step occasionally (Pearson et al., 2013). Similar 
to two-dimensional bodies in uniform upstream flows, separated flows over surface-
mounted three-dimensional bluff bodies also respond to upstream turbulence properties. 
Whereas few studies are observed to measure the flow field over three-dimensional 
surface-mounted bluff bodies (e.g., Kim et al., 2003) in order to extract some of the basic 
flow features, the effects of turbulence properties in the boundary layer upstream has not 
been investigated in detail. A more comprehensive experimental study is required to be 
performed in a variety of boundary layer upstream conditions in order to better 
understand the responses of the mean and fluctuating flows over surface-mounted three-
dimensional bluff bodies to the turbulence properties in the approach flow.  
It is understood that turbulence in the upstream interacts with the separated flows to alter 
the surface pressures (both mean and fluctuating). However, the effects upstream 
turbulence on fluctuating pressures are different than mean pressures. For two-
dimensional bluff bodies in uniform upstream flows, an increment in turbulence intensity 
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increases the magnitude of surface pressure fluctuations and causes the location of 
maximum fluctuations to occur closer to the leading edge (Hillier & Cherry, 1981; Kiya 
& Sasaki, 1983b; Saathoff & Melbourne, 1997). Unlike mean pressures, increased 
turbulence length scales in the upstream also cause the magnitude of surface pressure 
fluctuations to increase (Hillier & Cherry, 1981; Saathoff & Melbourne, 1997). The 
mechanism by which the surface pressures are affected by turbulence in the upstream has 
been studied by few researchers. Upstream turbulence intensity is observed to cause 
earlier transition of the shear layer to turbulence causing the movement of the location of 
maximum fluctuations closer to the leading edge (Hillier & Cherry, 1981; Bearman & 
Morel, 1983). As speculated by Saathoff & Melbourne (1997), larger integral scales in 
the upstream allow more time for the shear layer vortices to grow in size and strength, 
causing higher pressure fluctuations. In comparison to two-dimensional bluff bodies in 
uniform upstream flows, fewer numbers of studies are present in literature focusing the 
effects of upstream turbulence properties on surface pressure fluctuations for three-
dimensional surface-mounted bluff bodies. Some Quasi-Steady theory based models have 
been developed to predict the surface pressures on surface-mounted three-dimensional 
bluff bodies (e.g., Richards & Hoxey, 2004). However, these models are inaccurate for 
predicting the surface pressures in the regions of separated flow (Richards & Hoxey, 
2004).  
Whereas a number of studies have focussed on measuring the aerodynamic loads on the 
three-dimensional surface-mounted bluff bodies exposed to different boundary layer 
flows, a complete understanding of the dependence of pressure fluctuations on upstream 
turbulence properties has not been developed. Due to the immense practical importance, 
the pressure fluctuations on the surfaces of surface-mounted three-dimensional bluff 
bodies and the dependence of these fluctuations on turbulence properties in the boundary 
layer incident flows are required to be investigated in detail. The key parameters involved 
in characterizing the surface pressure fluctuations on surface-mounted three-dimensional 
bluff bodies need to be identified. The responses of these parameters to the turbulence 
properties in the incident boundary layer flows also need to be investigated in order to 
acquire a better knowledge about the surface pressure fluctuations on surface-mounted 
three-dimensional bluff bodies. 
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1.2 Thesis Objectives 
The primary objective of this thesis is to develop a comprehensive understanding of the 
effects of boundary layer turbulence on the separating-reattaching flows above surface-
mounted three-dimensional bluff bodies and roof surface pressures. A detailed 
examination of the roof surface mean pressures, mean reattachment lengths, mean flow 
fields, fluctuating flow fields and surface pressure fluctuations is performed in relation to 
turbulence intensity and length scale in the upstream boundary layer flows in order to 
achieve the objective. The dominant flow parameters in the separating-reattaching flows 
involved in characterizing the pressures on surface-mounted three-dimensional bluff 
bodies will be identified and their responses to the turbulence properties in the upstream 
flow will also be investigated to fulfill the objective. 
1.3 Thesis Layout 
The experimental study presented here in an Integrated Article format involves Time-
Resolved PIV measurements of the separating – reattaching flows formed on the roof-
surface of a surface-mounted, three-dimensional, low-rise-shaped bluff body with 
synchronized surface pressure measurements for six different upstream, turbulent 
boundary layer conditions. Additionally, only surface pressure measurements on the roof-
surface of a second surface-mounted three-dimensional bluff body, exposed to same six 
boundary layer upstream conditions, were also taken. The results were analyzed to reveal 
various features of the separation bubbles and the roof-surface pressures. The influences 
of the turbulence properties in the approaching boundary layer flows on these features 
were also investigated. 
In Chapter 2, the mean reattachment lengths along with the distributions of mean surface 
pressures in the separation bubble, and their dependence on the turbulence properties in 
the incident flow, are presented and discussed. Along with these data, mean surface 
pressure data along the roof centre-line from the NIST aerodynamic database were 
utilized to propose a method of estimating the mean reattachment length on the roof of 
low-rise buildings from measured surface pressures and roof height turbulence intensity 
and building aspect ratio. In this chapter, the characteristics of the upstream boundary 
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layer properties, the details of experimental models and the experimental techniques used 
in the present experimental study are also presented. The literature relevant to the mean 
flow is also reviewed in this chapter, rather than separating the literature review into a 
distinct chapter. 
Chapter 3 contains the detailed statistical analysis of the mean and fluctuating flow fields 
over a three-dimensional surface-mounted bluff body, including a review of the relevant 
literature. The results presented in this chapter reveal various characteristics of the mean 
flow along with the turbulence statistics of the flow field in and around the separated and 
reattaching flows. The results were used to identify the significant features and 
characteristics of the mean and fluctuating velocities in the flow fields in and around the 
separated and reattaching flow. 
The instantaneous and conditionally-averaged fluctuations in the surface pressures, and 
the effects of the upstream turbulence properties on these, are presented and discussed in 
Chapter 4, including a review of the relevant literature. These results are compared to 
similar data from two-dimensional bluff bodies in uniform incident flow. Synchronized 
surface pressure data and velocity field data in and around the separated flow regions 
were utilized to determine the key parameters involved in conditionally-averaged surface 
pressure fluctuations on the surfaces of three-dimensional surface-mounted bluff bodies. 
How these parameters respond to upstream turbulence properties in characterizing the 
surface pressure fluctuations is examined. 
Conclusions from the current work and recommendations for future research are 
presented in Chapter 5. 
In summary, some of the fundamental features of the separated and reattaching flows on 
the roof surface of surface-mounted, three-dimensional, low-rise-building-shaped bluff 
bodies have been investigated along with the surface pressure distributions in order to 
develop relationships between the upstream turbulence properties, surface pressures and 
flow fields. It is hoped that the present work will contribute to this area of fluid 
mechanics and wind engineering to better understand the responses of the surface 
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pressures (both mean and fluctuating) and the velocity fields in separated and reattaching 
flow to the incident turbulence in atmospheric boundary layer flows. 
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Chapter 2  
2 Mean pressure distributions and reattachment lengths 
for roof-separation bubbles on low-rise buildings1 
 
2.1 Introduction 
Separating and reattaching flows on the surface of sharp-edged, elongated bluff bodies 
are of fundamental importance to the aerodynamic loads for these shapes. The flow near 
the leading edge of such bodies has received special attention by researchers since there 
are large pressure fluctuations on the surface beneath the separating – reattaching flow 
(Lyn & Rodi, 1994; Saathoff & Melbourne, 1997). These cause large uplifting loads 
(e.g., on the roofs of low-rise buildings, Tieleman et al., 1996) or can interact with the 
trailing edge, leading to the flow instabilities such as vortex streets in the wake (e.g., on 
long-span bridges, Taylor et al., 2014). In the present chapter, the focus is on the mean 
pressure field beneath separation bubbles on surface-mounted prisms in turbulent 
boundary layers. Figure 2.1 shows a schematic representation of the terminologies used 
to describe separating-reattaching flows over sharp-edged, elongated, bluff bodies. In 
particular, the point on the bluff-body surface where the mean flow reattaches is known 
as the reattachment point, the distance between the separation point and the reattachment 
point is defined as the reattachment length. 
2.1.1 Two-dimensional bluff bodies 
Ruderich and Fernholz (1986) investigated the nature of the mean pressure field beneath 
separating – reattaching flows and found similarity of the distribution when the mean 
pressure coefficients are normalized by the minimum pressure such that the reduced 
pressure coefficient is: 
min
min*
1
)(
Cp
CpCp
C meanp


                                              (2.1) 
1A version of this chapter has been published in “Journal of Wind Engineering and Industrial 
Aerodynamics”. Copyright release is provided in Appendix E. 
13 
 
 
Figure 2.1: Schematic diagram of a separating and reattaching flow over a sharp-
edged, elongated, two-dimensional bluff body placed in uniform upstream flow. 
where meanCp  is the mean pressure coefficient, minCp is the minimum value of the mean 
pressure coefficient on the surface under the separation bubble, while streamwise 
distance, x, is normalized by the reattachment length, Xr. Eq. (2.1) was first proposed by 
Roshko & Lau (1965). The experimental results of Hudy et al. (2003) were found to be 
similar to the results of Ruderich and Fernholz (1986). These authors found that, for a 
smooth (i.e., low turbulence) free stream, irrespective of Reynolds numbers, body shape, 
blockage ratio, over a large range of reattachment lengths, the distribution of reduced 
pressure coefficients fall on the same curve. However, the reasons for the particular shape 
of the curve, or how surface pressures arise, were not explained. 
Researchers have shown that the flow structure of separation bubbles, the surface 
pressure and aerodynamic forces on the body beneath the separation bubble, and the 
reattachment length are strongly dependent on the turbulence parameters in the upstream 
flow (e.g., Gartshore, 1973; Hillier & Cherry, 1981). Upstream properties affecting the 
separation bubble properties are turbulence intensities, 𝐼𝑢 =
𝜎
𝑈
  (where, σ is the standard 
deviation of the velocity fluctuations and U is the streamwise mean velocity), and the 
turbulent scales, particularly the integral scales, 𝐿 = ∫ 𝑟(𝜉) 𝑑𝜉
∞
0
, relative to the 
dimensions of the body, where r(𝜉) is the correlation coefficient of the velocities 
separated by some distance, 𝜉. Usually the integral scale, Lx, formed by the streamwise 
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velocities separated in the streamwise direction, x, is considered to be the most important 
integral scale. 
Hot-wire measurements in the separation bubble by Hillier & Cherry (1981) for different 
turbulence intensities and integral length scales show that higher levels of the free-stream 
turbulence intensity causes a reduction in the reattachment length, but that the 
reattachment length tends to be insensitive to the integral scales. Kiya & Sasaki (1983) 
and Saathoff & Melbourne (1997) also found similar trends in the reduction of the 
reattachment length with turbulence intensity. These authors suspected that the higher 
levels of entrainment in the turbulent flow cases are responsible for the smaller 
reattachment lengths. These studies were performed on two-dimensional bluff bodies of 
thickness, D, in uniform flow over a range of turbulence intensities up to 15% and length 
scales, Lx/D, up to 2.1. However, the effects of length scales on mean reattachment 
lengths for larger ranges of turbulence length scales have not yet been investigated. 
Nakamura & Ozono (1987) investigated the mean surface pressures under the separated 
and reattaching flows for an extended range of integral length scales (Lx/D = 0.4 to 24), 
focussing on the maximum turbulence-intensity levels investigated by Hillier & Cherry 
(1981) and Kiya & Sasaki (1983). Their investigation indicated an independence of the 
surface mean pressure distribution at smaller ratios of integral scale to body thickness. 
However, for higher ratios of integral scales to body thickness, they observed dependence 
of the mean surface pressures to the integral scales. These results indicate that larger 
integral scales may have some effect on the mean reattachment length, particularly when 
the turbulence intensity is fixed. 
Perhaps the most investigated property of separation bubbles is the surface pressure field 
because of the practical importance. The properties of free-stream turbulence are known 
to significantly affect the mean pressure field. For example, Hillier & Cherry (1981) have 
shown that for smooth flow in the free stream, the maximum value of the mean suction 
coefficient is smaller in magnitude and occurs further away from the leading edge. 
Increased levels of free-stream turbulence tend to increase the maximum values of the 
mean suction coefficients near the leading edge to a significant extent, while moving the 
location of the maximum closer to the leading edge. However, pressure recovery for the 
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smooth upstream case is slower than for the turbulent case because of the larger 
reattachment lengths in smooth flow.  
Integral scale effects on the mean pressure appear to be more complex. For example, 
Hillier & Cherry (1981) do not observe any effects of the turbulent integral scales, at 
fixed levels of turbulence intensity, up to values of Lx/D = 1.95. Kiya & Sasaki (1983) 
and Saathoff & Melbourne (1989) make similar observations. However, the study by 
Nakamura & Ozono (1987) found that there is dependence of mean pressures over a large 
range of integral length scales (i.e., over the range of their study with Lx/D = 0.4 to 24. 
For values of Lx/D up to 2, these authors found similar results to those obtained by Hillier 
& Cherry (1981). However, at larger integral length scales, the mean pressure distribution 
begins to behave more like those with smooth upstream flow conditions. The reason for 
this is that the free-stream fluctuations become relatively slower, with reduced fluctuating 
energy at the smaller-scales. Thus, these relatively slow fluctuations in the upstream flow 
are unable to influence the mean flow and the mean pressure over the bodies (Bearman & 
Morel, 1983; Nakamura & Ozono, 1987) and the combination of both scale and intensity 
are important parameters for the character of the separation bubble. 
2.1.2  Surface-mounted, three-dimensional bluff bodies 
Many of the engineering applications of bluff body aerodynamics are for buildings, i.e., 
surface-mounted, three-dimensional prisms, placed in the atmospheric boundary layer. In 
this case, there are both relatively high turbulence levels along with high levels of mean 
shear. However, similar flow patterns occur with flow separations, mean flow 
reattachment and separation bubbles. Despite the similarities in these flow patterns, there 
are also some significant differences. The main difference arises due to the streamwise 
vorticity generated in the separated shear layer from the sides of the body (Martinuzzi & 
Tropea, 1993). For example, Martinuzzi & Tropea (1993) show that, in addition to a 
recirculation region on the top surface, there is also a recirculation region formed in front 
of the body (a cube in their particular case). This recirculation region in front of the body 
extends around the sides of the body, forming a “horseshoe” vortex (Castro & Robins, 
1977; Martinuzzi & Tropea, 1993). The aspect ratio of the body is also observed to alter 
the reattachment lengths. Martinuzzi & Tropea (1993) and Kim et al. (2003) both report 
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shorter reattachment lengths for three-dimensional, surface-mounted prisms than those 
observed for two-dimensional bodies. This is attributed to a mean flow that has a higher 
acceleration at separation for two-dimensional bodies than for three-dimensional bodies 
of similar thickness. 
So, in contrast to two-dimensional, sharp-edged bluff bodies, the effects of turbulence on 
surface-mounted bodies have not been systematically investigated. The objective of the 
present chapter is to examine the relationships between upstream turbulence conditions 
on the mean surface-pressure distributions and mean reattachment lengths for relatively 
low (i.e., with heights less than the plan dimensions), surface-mounted prisms. In order to 
do so, pressure measurements on two prisms were taken for six different upstream, 
boundary-layer flows. For one of the prisms (which we will call Building-1), Particle 
Image Velocimetry (PIV) measurements were made, synchronized with surface pressure 
measurements. In addition, pressure data from the NIST Low-Rise Building 
Aerodynamic Database (Ho et al., 2005) are utilized.  
2.2 Experimental Set-Up 
2.2.1 Building Models and Pressure Measurements 
The dimensions of the two models used in the current study are presented in Table 2.1. 
Building-1 is a scaled version of the Texas Tech University “WERFL” Building, which is 
described in Levitan & Mehta (1992a, b). For this model, a row of 9 pressure taps on the 
roof surface along the centreline of the building was used. The height of Building-1 is 
denoted as H1. A schematic diagram of the models is provided in Figure 2.2, which also 
defines the coordinate system. Building-2 is a more generic building, but was previously 
used in the study by Pratt & Kopp (2014). This was constructed with 96 pressure taps 
along the centreline. The height of Building-2 is denoted as H2. Both models were placed 
in the high-speed test section of Boundary Layer Wind Tunnel II at the University of 
Western Ontario, with the wind direction normal to the wide face for each of the two 
buildings. 
The pressure taps were connected to the pressure scanners by a tubing system, which had 
a flat frequency response up to about 200 Hz; a complete description of the tubing system 
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can be found in Ho et al. (2005). Pressure measurements were taken for approximately 
180 seconds at a frequency of 1108 Hz after being low pass filtered at 200 Hz. The 
pressure measurement system records pressure coefficients referenced to the dynamic 
pressure at a height of 57 inches (~1.5m) from the wind tunnel floor (in a uniform and 
low turbulence region). These pressure coefficients were converted to obtain the pressure 
coefficients referenced to dynamic pressure at model height using 
2







H
R
refp
V
V
CpC                                   (2.2) 
 
Table 2.1: Model details. 
Model 
Label 
Height, 
H [cm] 
Width, 
W  [cm] 
Length, 
L  [cm] 
Number 
of 
pressure 
taps 
Aspect 
Ratio, 
AR 
(=W/H) 
Reynolds 
number, 
Re 
(ρUHH/μ) 
 
Building-1 7.8 27.5 18.4 9 3.5 ~35,000 
Building-2 24 75.1 53.3 96 3.1 ~110,000 
 
 
Figure 2.2: Schematic diagram of the building models, location of the pressure taps, 
and coordinate system. 
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Here, Cpref is the pressure coefficient referenced to the dynamic pressure at the reference 
height, VR is the velocity at the reference height, and VH is the velocity at the model 
height. Ho et al. (2005) demonstrated that pressure coefficients referenced to the dynamic 
pressure at the model height, which is common wind engineering practice, show the least 
variability. The uncertainty in the measurements of Cp is dependent on the measurement 
uncertainties of Cpref, VR and VH. The maximum value of measurement uncertainty in the 
pressure coefficients referenced to the model height dynamic pressure was observed to be 
less than 7%, which is controlled by the uncertainty for the square of the velocity ratio in 
Eq. (2.2). The procedures and calculations associated with the measurements of Cp are 
provided in Appendix A. 
2.2.2 Terrain simulation  
In wind-tunnel experiments of surface-mounted bluff bodies in deep turbulent boundary 
layers, characterizing the approaching turbulent boundary layer is important. Such 
experiments are challenging since proper simulation of atmospheric boundary layers in 
wind tunnels requires either long and large test sections or small models with small 
details (Tieleman, 2003). In most boundary layer wind tunnels, the turbulence in the 
oncoming flow is generated by controlling the heights of roughness elements distributed 
on the floor of the test section, along with additional turbulence-generating elements, 
such as spires and barriers, which are usually placed near the entrance of the test section. 
These roughness elements and turbulence generating elements are chosen in such a way 
that the desired velocity profiles and turbulence characteristics are achieved. Often the 
roughness elements are varied in height along the length of the section in order to obtain 
desired characteristics. During a change in the roughness, an internal boundary layer 
develops as the flow adjusts. Since it takes time for the turbulence to come into 
equilibrium with the new roughness (see Tieleman, 2003; Beljaars et al. 1983), two 
distinct regions in the boundary layer are formed with the internal layer growing at 
slower rate than the outer layer (e.g., Tieleman, 2003). Flow parameters obtained from 
the lower part of the profile are representative of the local flow characteristics and 
parameters obtained from the outer part of the profile are representative of flow 
characteristics over a longer distance upstream (Tieleman, 2003). 
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Boundary Layer Wind Tunnel II at University of Western Ontario has a high-speed test 
section that is 3.4 m wide with a nominal height of 2.4 m. The surface of the wind tunnel 
is provided with surface roughness blocks, which have maximum heights of 200 mm. 
The high-speed test section is 39 m long from inlet to the centre of the turntable. For the 
present experiments, a total of six different upstream conditions were developed. These 
are made up of three different ground roughness configurations, each of which is repeated 
with and without a 0.38m tall barrier at the test-section inlet. Velocity profile 
measurements were taken using a Cobra Probe (TFI, Model No. 900311) at a sampling 
frequency of 1250Hz. The three upstream conditions with the 0.38m tall barrier are 
labelled as 1L, 2L and 3L while the three without any barrier at the entrance to the test 
section are labelled as 1S, 2S and 3S, i.e., the number in these labels indicates the terrain 
roughness while “L” indicates the presence of the barrier (and a Larger integral scale) and 
“S” indicates no barrier (and a Smaller integral scale). 
In the velocity profiles for the present experiments, two distinct profile regions are 
observed because of the presence of the barrier and changes in block heights along the 
test section length. For all of the upstream conditions, the outer layers were found to be 
located within a range of heights above the tunnel floor not exceeding 1m from the floor. 
The velocity measurements only up to the heights of the internal boundary layers are 
considered and the profile parameters could be obtained by fitting the mean velocity 
measurements into the logarithmic velocity profile, 
)ln()ln(
**
oy
u
y
u
U



         (2. 3) 
where U  is the mean velocity at height, y, from the wind tunnel floor, u* is the friction 
velocity, K = 0.41 is the von Karman constant and yo is the aerodynamic roughness 
height. Representative velocity and turbulence intensity profiles are shown in Figure 2.3, 
in this case for terrain conditions 3S and 3L. It is observed that while both velocity 
profiles are similar, there is some increase in the turbulence intensity when the barrier is 
present. However, for some of the other upstream conditions considered here, the roof-
height turbulence intensities were not found to be altered significantly due to presence of 
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the barrier. Table 2.2 provides roof-height turbulence intensities and aerodynamic 
roughness lengths for each of the six profiles. As can be seen, the inclusion of the barrier 
increases the integral length scale without substantially altering the turbulence levels or 
the roughness length, although there are some variations. 
Figure 2.4 shows plots of the velocity spectra for the streamwise and vertical velocity 
components at height, H1. These plots confirm that the changes in integral length scale 
depend primarily on the barrier, while the turbulence intensities and spectral content 
depend primarily on the terrain roughness, with the barrier increasing the integral scales 
by up to 100%. The Jensen number, Je = H/yo, is usually used as the scaling parameter 
for low-rise buildings (Holmes & Carpenter, 1990). Using the measured yo values, Je 
values for the current experiments are indicated in Table 2.2. 
 
 
Figure 2.3: Velocity and turbulence intensity profiles for upstream conditions “3S” 
and “3L”. 
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(a) (b) 
Figure 2.4: Velocity spectra at y = H1 for the (a) streamwise, u, and (b) vertical, v, 
components. 
Table 2.2: Characteristics of the atmospheric Boundary Layer Simulations 
Terrain 
Barrier 
[m] 
Roughness 
Length, 
y0 
[m] 
Turbulence 
Intensity, Iu 
Integral Scale, 
Lx 
Jensen Number, 
Je 
   [y =H1] [y = H2] Lx/H1 Lx/H2 [H1/yo] [H2/yo] 
1L 0.38 0.00013 14 10 13 4 600 1840 
1S 0 0.00014 13 9 6 2 540 1710 
2L 0.38 0.00014 17 13 11 5 600 1840 
2S 0 0.00027 17 13 8 2 290 890 
3L 0.38 0.0011 27 25 12 3.5 71 220 
3S 0 0.0014 26 22 7 3 56 170 
 
2.2.3  Particle Image Velocimetry measurements 
In order to find the mean reattachment lengths on the upper surface of Building-1, the 
Time Resolved-PIV (TR-PIV) measurements were made. The TR-PIV system has the 
ability to sample PIV velocity field data at a rate of 500 Hz. Olive oil is atomized, seeded 
in the flow and illuminated by a double-head, diode-pumped Q-switched Nd:YLF laser 
operating at a frequency of 1000 Hz. The average pulse energy is 22 mJ. Two 1 Mb 
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Photron FASTCAM-1024PCI CMOS cameras were used to capture the PIV images. A 
more detailed description of the TR-PIV system can be found in (Taylor et al., 2010). 
Two fields of view with 20% overlap, one on the upstream side and the other on the roof, 
were selected. Figure 2.5 shows the photograph of Building-1 placed inside the Boundary 
Layer Wind Tunnel, the locations of the fields of view and the arrangement of the Time-
resolved Particle Image Velocimetry setup. Pressure measurements along the roof 
centreline were taken for Building-1 with and without placing the particle image 
velocimetry optics inside the wind tunnel in order to assess the effects of the particle 
image velocimetry optics on the flow field and surface pressures. The surface pressures 
were observed to be unaltered by the presence of particle image velocimetry optics inside 
the wind tunnel. Hence, it can be assumed that the flow fields over the model are also 
unaffected by the presence of the particle image velocimetry optics. 
 
 
Figure 2.5: Photograph of experimental set-up, including the arrangement of the 
Particle Image Velocimetry components and the locations of the fields of view. 
23 
 
A time delay of 85μs was applied between the two images of a single image pair so that 
the particles did not move more than one-fourth of the intended interrogation area. A total 
of 80000 pairs of PIV raw images of the separated and reattaching flow were captured for 
each of the six upstream conditions considered in this experiment. TSI Insight 4G, a 
commercial image processing software package, was used to find the velocity fields, 
utilizing an FFT cross-correlation algorithm. Interrogation windows of 32x32 pixels with 
50% overlap were used during processing the PIV raw images. The post processing on 
the raw vector data was done by a global standard deviation filter, followed by local 
mean and median filters. Spurious vectors numbered less than 5% after masking off the 
visible laser reflection regions and were replaced by interpolated vectors. Standard cross-
correlation algorithms have a spatial uncertainty of less than approximately 0.1 pixels 
(Huang et al., 1997). 
2.3 Mean reattachment lengths 
2.3.1 Reattachment lengths from the PIV data 
The PIV measurements of the flow around Building-1 were taken in order to determine 
the mean flow field, particularly the reattachment lengths and locations of the stagnation 
points. Figure 2.6 shows the mean streamlines around Building-1 for one upstream 
condition, 2L. From the figure it can be seen that the flow separates at the edge of the 
roof and reattaches downstream between 1.0 to 1.1H. The mean reattachment points for 
all six upstream conditions for Building-1 were obtained by identifying the point on the 
roof surface where the flow changes direction (from reverse to the forward flow). The 
uncertainties associated with these measurements mainly arise due to lack of velocity 
data in the masked-off regions (because of laser reflections from the surface) and due to 
the resolution of the PIV measurements, which have a spacing of 0.02H1. The 
uncertainties in the measurements of mean reattachment lengths (Xr) due to masked off 
regions near the surface and vector spacing are estimated to be within a range of 3% to 
5% of Xr. Table 2.3 provides the mean reattachment lengths with the corresponding 
upstream flow properties. Note that the sizes of the reattachment lengths for the “1L” and 
“1S” conditions were large enough that they extended beyond the field of view of the  
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Figure 2.6: Mean streamlines around Building-1 for upstream condition 2L, along 
with the distribution of reduced pressure coefficients (Cp*) on the roof. 
 
Table 2.3: Mean reattachment lengths, Xr, obtained via PIV measurements for 
Building-1. 
Upstream 
Condition 
(Iu)H1 
(%) 
Lx/H1 Xr/H1 
1L 14 13 ~1.4 
1S 13 6 ~1.4 
2L 17 11 1.05 
2S 17 8 1.05 
3L 27 12 0.88 
3S 26 7 0.88 
 
PIV camera. In these cases, the reattachment points were approximated by extrapolating 
the streamlines along the centre of the separated shear layer, which obviously increases 
the uncertainty for these points. 
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From Table 2.3, it can be seen that, for higher levels of the streamwise turbulence 
intensity, the mean reattachment length is smaller. For example, there is a reduction of 
about 35% in the reattachment length when the turbulence intensity is changed from 12% 
to 26% (from upstream condition “1L” to “3S”).  A closer look at the data reveals that 
integral length scales do not significantly affect the mean reattachment length over the 
range examined. Noting that the spectra are similar for each terrain configuration, this 
result appears to be consistent with the findings of Hillier and Cherry (1981) over the 
limited range of tested integral scales. 
In addition to the reattachment length on the roof, the location of the stagnation point on 
the front face of Building-1 is necessary in order to compare reattachment lengths with 
those from two-dimensional bluff bodies. It is the distance from the stagnation point to 
the roof edge that is the important geometric length scale (Hillier & Cherry (1981), Kiya 
& Sasaki (1983), Saathoff & Melbourne (1997)). It is observed that, irrespective of the 
flow details, the mean location of the front-face stagnation point is at y = 0.65H1 in the 
current experiments. Thus, the distance from the stagnation point to the roof edge, hf = 
0.35H for these surface-mounted bodies.  This contrasts with hf = 0.5H for two-
dimensional bodies (of total height H) in a uniform stream. In addition, from the present 
experimental results, the upstream turbulence levels and scales do not appear to have 
significant influence on the height of the stagnation point above the ground plane. The 
experimental results of Kim et al. (2003) for a surface-mounted, three-dimensional prism 
with a roof height turbulence level of 20% show that the location of the stagnation point 
on the front surface of the model is at 0.7H from the ground plane, indicating a 
reasonable consistency between the two studies. 
2.3.2 Mean reattachment lengths from pressure data 
Eq. (2.1) was first proposed by Roshko & Lau (1965) as an appropriate normalization of 
the pressure distribution within separation bubbles. Ruderich & Fernholz (1986) showed 
that, for separating – reattaching flows, irrespective of the blockage ratios and Reynolds 
numbers, when the reduced pressure coefficients are plotted against the distance from the 
leading edge normalized by the mean reattachment length, there is similarity of the 
profile. Using their own experimental results, along with a series of results obtained from 
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literature, Hudy et al. (2003) showed that there is a constant value of reduced pressure 
coefficient of 0.35 at the reattachment point. The datasets considered in their analysis 
were for two-dimensional bluff bodies with relatively long reattachment lengths (e.g., the 
maximum Xr/hf being 33.6 and the minimum being 4.9) and with a maximum turbulence 
intensity of 4% (and the maximum Reynolds number of 3.2x104). For the present 
experiments on surface-mounted prisms, the upstream conditions have much higher 
turbulence intensities, ranging from 9% to 27% with the size of the separation bubbles 
being small compared to the data considered by Hudy et al. (2003). Hence, the present 
experiments are rather different from the data considered previously. This leads to some 
different outcomes, as discussed below. 
Figure 2.6 depicts the distribution of the reduced pressure coefficients, Cp*, as defined in 
Eq. (2.1) for the roof of Building-1 in upstream terrain condition 2L, along with the mean 
streamlines. Comparing the pressure distribution with the location of the reattachment 
point, it is observed that Cp* = 0.24 at reattachment for this terrain configuration. Using 
the observed reattachment points from the PIV data, the reduced pressure coefficient, 
Cp*, distributions are plotted versus x/Xr for the six terrain configurations in Figure 2.7. It 
can be observed that the distributions of the reduced pressure coefficients are broadly 
similar between the six cases, although there are significant differences in magnitudes of 
the reduced coefficients. There are also significant differences when compared to the 
distributions found by Ruderich & Fernholz (1986) and Hudy et al. (2003) for uniform, 
low turbulence flow. The minimum value of the mean pressure coefficient, and of Cp*, 
occurs near x/Xr = 0.25, after which the pressure recovers, with Cp
* increasing to values 
between 0.2 and 0.3 at reattachment point. These data indicate that, at the reattachment 
point, the values of Cp* depend on the upstream conditions. In fact, increasing the 
turbulence intensity appears to reduce the value of Cp* at x/Xr = 1 so that it has a value of 
about 0.2 for Iu = 26-27%, about 0.3 at Iu = 13-14%, and about 0.35 in the smooth flow 
data of Ruderich & Fernholz (1986) and Hudy et al. (2003). Considering the distributions 
in Figure 2.7, it appears that the integral scales in the upstream flow do not have 
significant effect on the value of Cp* at the reattachment point, at least over the range 
tested. Thus, the normalized pressure distribution in separation bubble appears to depend 
significantly on the turbulence level in the free stream. 
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Figure 2.7: Distribution of reduced pressure coefficient (Cp*) for Building-1. 
Figure 2.8 shows the variation of reduced pressure coefficients at the reattachment point 
versus the roof-height turbulence intensities for Building-1. Included in the graph are also 
the results of Ruderich & Fernholz (1986) and Hudy et al. (2003) (for two-dimensional 
bodies in low turbulence). While the true functional variation of Cp* at x/Xr = 1 is 
unknown, it is approximated here with a linear equation, also shown on the figure. It is 
observed that the fit satisfactorily approximates the variation of reduced pressure 
coefficients at the mean reattachment point for Building-1. Using the fitted linear 
equation, the reattachment lengths are estimated and presented in Table 4 along with the 
error in the estimates. As can be seen, the errors are reasonably small and similar to the 
measurement uncertainty for the pressure coefficients. (It should also be noted that an 
extension of the linear fit nearly falls on the data of Hudy et al. (2003), which has 
turbulence levels of up to 4%. Further research is required to establish whether or not this 
is fortuitous.) 
Since the errors and uncertainties from using Cp* to estimate Xr appear to be reasonably 
small, the linear fit from Figure 2.8 is used to estimate the reattachment lengths for 
Building-2. Table 2.4 presents these values, which will be examined in greater detail 
below. In addition to the current data, the wind tunnel pressure data stored by the  
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Figure 2.8: Variation of the reduced pressure coefficient, Cp*, at the reattachment 
point with turbulence intensity, Iu. 
Table 2.4: Estimated reattachment lengths, Xr, for Building-1 and Building-2 using 
the fit from Figure 2.8. 
Up-
stream 
(Iu)H1 Lx/H1 Xr/H1 
(error) 
Cp* at Xr 
Building-1 
(directly 
measured)  
(Iu)H2 Lx/H2 Cp
* at Xr 
Building-
2 
Xr/H2 
1L 14 13 1.29 
(-3.9%) 
0.27 
(0.30) 
10 4 0.31 1.49 
1S 13 6 1.42 
(+0.7%) 
0.28 
(0.28) 
9 2 0.32 1.50 
2L 17 11 1.09 
(+1.8%) 
0.25 
(0.24) 
13 5 0.28 1.12 
2S 17 8 1.08 
(+1.3%) 
0.25 
(0.24) 
13 2 0.28 1.18 
3L 27 12 0.87 
(-0.5%) 
0.21 
(0.21) 
25 3.5 0.22 0.62 
3S 26 7 0.87 
(-0.5%) 
0.21 
(0.21) 
22 3 0.23 0.67 
National Institute of Standards and Technology (NIST) were analyzed. This database, 
which is described in detail by Ho et al. (2005), contains a series of measured surface 
pressures building models of different heights, plan dimensions and gable-roof slopes for 
two different upstream terrain conditions. From the NIST dataset only the data for slope 
of the roof less than or equal to 1:12 (i.e., 4.8o) were extracted in order to compare with 
present experiments. The mean reattachment lengths were estimated based on the values 
provided by Figure 2.8, along with the measured roof-height turbulence intensities. These 
values are reported in Table 2.5 and will also be examined in greater detail below. 
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Table 2.5: Flow characteristics and estimated Xr/H for buildings from the NIST 
dataset (Ho et al., 2005). All dimensions are in full-scale; the roof slope is 1:12 unless 
otherwise stated. yo for open and suburban terrains are 0.03m and 0.3m 
respectively. 
H 
[m] 
Plan 
dimensions 
[m x m] 
(Iu)H 
(open) 
Xr/H, 
Open 
Terrain 
(estimated) 
(Iu)H 
(suburban) 
Xr/H, 
Suburban 
Terrain 
(estimated) 
ΔXr/H 
[%] 
3.7 19x12 20 0.65 28 0.52 20.1 
5.5 19x12 19 0.66 27 0.56 14.7 
7.3 19x12 19 0.7 26 0.55 21.6 
12.2 19x12 18 0.71 25 0.47 33.8 
4.9 38x24 19 0.93 27 0.75 20.2 
7.3 38x24 19 0.81 26 0.65 20.2 
9.8 38x24 18 0.72 25 0.59 18.6 
12.2 38x24 18 0.69 25 0.54 22.2 
5.5 
38x24 (roof 
slope 1:48) 
19 1.11 27 0.86 22.4 
7.3 
38x24 (roof 
slope 1:48) 
19 1.03 26 0.78 24.1 
9.8 
38x24 (roof 
slope 1:48) 
18 0.94 25 0.72 23.9 
12.2 
38x24 (roof 
slope 1:48) 
18 0.9 25 0.65 28.0 
3.7 57x36 20 1.01 28 0.86 14.7 
4.9 57x36 19 0.97 27 0.8 17.2 
5.5 57x36 19 0.92 27 0.76 17.5 
7.3 57x36 19 0.92 26 0.69 24.9 
12.2 57x36 18 0.75 25 0.56 24.6 
5.5 76x48 19 1 27 0.73 26.9 
7.3 76x48 19 0.92 26 0.71 23.3 
12.2 76x48 18 0.78 25 0.57 27.7 
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Table 2.6: Symbols used for NIST data in Figure 2.11. 
H [m] Plan 
dimensions 
[m x m] 
Symbol 
in Fig. 
2.11 
(open) 
Symbol in 
Fig. 2.11 
(suburban) 
3.7 19x12   
5.5 19x12   
7.3 19x12   
12.2 19x12   
4.9 38x24   
7.3 38x24   
9.8 38x24   
12.2 38x24   
5.5 
38x24 (roof 
slope 1:48)   
7.3 
38x24 (roof 
slope 1:48)   
9.8 
38x24 (roof 
slope 1:48)   
12.2 
38x24 (roof 
slope 1:48)   
3.7 57x36   
4.9 57x36   
5.5 57x36   
7.3 57x36   
12.2 57x36   
5.5 76x48   
7.3 76x48   
12.2 76x48   
 
2.3.3 Effects of aspect ratio 
Aspect ratio, defined as the width-to-height ratio, i.e., AR = W/H, is a parameter that is 
also known to affect mean reattachment lengths. For example, Gu & Lim (2012) show 
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that for an incremental increase of the aspect ratio for surface-mounted prisms, mean 
suction coefficients increase and the pressure recovery is delayed. Cherry et al. (1984) 
found that increasing the aspect ratio of bluff bodies in a uniform stream increases the 
reattachment length up to the point when an asymptotically-limiting value is reached. 
However, they also found that the asymptotically-limiting aspect ratio depends on 
blockage ratio. 
Figure 2.9 depicts the variation of mean reattachment lengths (Xr/hf) as a function of 
aspect ratios for the NIST data obtained for the “open” (with an average roof height 
turbulence intensity of 19%) and “suburban” (with an average roof height turbulence 
intensity of 26%) terrains, with 1:12 and 1:48 roof slopes. Since the flow field was not 
measured for these cases, the explicit assumption that the Cp* value at Xr versus Iu 
relationship from Figure 2.8 holds for these data and is not altered by the aspect ratio. 
Several observations can be made. First, there is clearly scatter in the plots, which may be 
due to the pressure tap resolution for the NIST data, in addition to measurement 
uncertainty, and variations and errors associated with the relationship between Cp* at x = 
Xr and the turbulence intensity (Figure 2.8). Second, from Figure 2.9(a), for gable-roofed 
buildings with 1:12 roof slope, it is observed that for turbulence intensities consistent 
with an open terrain, increasing the aspect ratio increases the mean reattachment length. 
This relationship can be described satisfactorily by an exponential equation (with an 
upward trend), although there is substantial extrapolation to the asymptotic limit. For the 
higher level of turbulence intensity characteristic of a suburban terrain, the variation of 
mean reattachment length with aspect ratio follows a similar trend. In fact, both fits are 
nearly parallel to each other. Similar observations can also be made from the data 
presented in Figure 2.9(b) for gable roofs with 1:48 roof slopes. Third, it is estimated that 
for both upstream conditions, the asymptotic limit of the mean reattachment length 
occurs at aspect ratios between 50 and 80 (considering the asymptotic limit as 99% of 
maximum value of Xr) for 1:12 and 1:48 roof slopes. Finally, Figures 2.9(a) and 2.9(b) 
indicate that Xr/hf is ~0.5 larger for the flatter roof slope of 1:48, when compared the 
more-highly sloped 1:12 data. 
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(a) 
 
(b) 
Figure 2.9: Variation of mean reattachment length with aspect ratio for NIST data 
for roof slopes of (a) 1:12 and (b) 1:48. 
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2.3.4 Discussion 
In order to compare experimental data for different aspect ratios, it is necessary to adjust 
the results to a common aspect ratio and roof slope. Here we choose to use the asymptotic 
limit and the 1:48 roof slope so that the reattachment lengths for the current, three-
dimensional, surface-mounted prisms can be compared to two-dimensional prisms in 
uniform flow. As discussed by Essel et al. (2015), it has been established that this 
asymptotic value of mean reattachment length (Xr) practically reaches at aspect ratio 
higher than 10. Hence, even though Figures 2.9(a) and 2.9(b) suggest very high values of 
asymptotic-limits, the mean reattachment lengths for the NIST data and present 
experimental data were converted to the mean reattachment lengths equivalent to infinite 
aspect ratio considering the asymptotic limit for the mean reattachment lengths reaches at 
W/H=20. These are plotted in Figure 2.10 as a function of turbulence intensity. Included 
in Figure 2.10 are the results from Saathoff & Melbourne (1997) for two-dimensional 
bluff bodies placed in four uniform flows with different upstream turbulence levels and 
the results obtained by Kim et al. (2003) for a surface-mounted, three-dimensional prism 
with a 20% roof-height turbulence intensity (and also modified to account for aspect 
ratio). 
Several observations can be made. First, as discussed above, there is a strong trend for 
decreasing reattachment lengths with increasing turbulence intensity. Most of the changes 
occur for Iu < ~17-18%, with relatively little change in the reattachment lengths for larger 
values of Iu. In fact, the range of the scatter is greater than the underlying trend for Iu > 
~17-18%. 
Second, it appears that surface-mounted prisms have a different trend-line than those 
placed in a uniform stream with the reattachment lengths for surface-mounted prisms 
being a little larger at the turbulence intensities where there is overlap. It should be 
emphasized that there is considerable uncertainty in the extrapolation to large aspect ratio 
for the surface-mounted bodies, with the largest aspect ratios being about 16 in the 
experiments. Nevertheless, the evidence suggests that the curve for true two-dimensional 
bodies in a uniform stream is distinct from that for three-dimensional surface-mounted 
bodies extrapolated to large aspect ratios. While the uniform flow results end at Iu = 15%, 
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it appears that the uniform flow data and the current data have similar magnitudes beyond 
this point; however, there are no data to examine this point further. At lower turbulence 
intensities, it appears that the trend-lines for the two classes of bluff bodies are diverging, 
with larger reattachment lengths for the surface-mounted prisms. However, the first data 
point is at only Iu = 9%. It seems likely that this difference is due to the nature of the 
vortical structures formed around surface-mounted prisms, which do not exist for two-
dimensional bodies in a uniform stream, as discussed in the Introduction, although it 
could be due to other differences including the effects of the mean shear and anisotropic 
turbulence of the atmospheric boundary layer. Since the streamwise dimension of the 
surface-mounted low-rise building is comparatively small (e.g., L/H=2.36 for Building-
1), the interaction between vortices shed at the trailing edge with the separation bubble 
may also have some effect on the mean reattachment length for surface-mounted three-
dimensional bluff bodies, and the underlying assumptions for the aspect ratio corrections. 
These points merit further study in future work.  
 
Figure 2.10: Variation of mean reattachment length, corrected to infinite aspect 
ratio, (Xr/hf)@AR=∞, as a function of streamwise turbulence intensity. A polynomial fit 
through the 2D bluff-body data is also shown for clarity. 
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2.4 Mean pressure distribution 
Having established the variation of the reattachment length as a function of aspect ratio 
and turbulence intensity, we re-visit the normalization of the mean pressure distribution 
via Eq. (2.1). Figure 2.7 shows the variation of the reduced pressure coefficient, Cp* 
versus x/Xr for Building-1. As discussed above, the value of Cp
* at x/Xr = 1 varies 
significantly (Figure 2.8). Adding to Figure 2.7, the Building-2 and NIST data are 
included, based on the model for the reattachment lengths indicated by Figure 2.8. The 
results are shown in Figure 2.11. 
Figure 2.11 indicates that there is dependence of the reduced pressure curves on the 
turbulence intensity. The clear trend of larger values of Cp* for smaller Iu values is 
apparent, notwithstanding the scatter in these plots. In general, those having similar levels 
of turbulence have similar shapes and magnitudes, although they do not fall perfectly 
onto a single curve. These results, when compared to those of Hudy et al. (2003) and 
Ruderich and Fernholz (1986), are clearly different. Thus, one can conclude that the 
normalized pressure distributions depend on more than distance normalized by the 
reattachment length, with the turbulence intensity significantly affecting the normalized 
distribution. Given the variations in the curves, other parameters (such as integral scales) 
must also affect the distributions, but to a lesser extent. In general, the pressure begins to 
recover earlier, i.e., at smaller x/Xr values (i.e., x/Xr ~ 0.2 to 0.3 compared to x/Xr ~ 0.4 to 
0.5 for low turbulence) but beyond this point, the turbulence level slows the pressure 
recovery so that there are significantly lower values of Cp* at the reattachment point. So, 
while higher levels of turbulence intensity reduce the reattachment length, the mean 
pressure on the surface does react as quickly resulting in lower Cp* values at 
reattachment. 
While Figure 2.11 highlights the changes in the normalized pressure distribution, it 
should also be noted that Cpmin varies significantly, depending on the turbulence 
intensity. For both buildings measured in the current study, it is observed that the 
minimum pressure coefficient for all of the upstream conditions falls between values of -
0.9 to -1.3 with the lower values occurring at the higher turbulence intensities. Following 
reattachment, the pressure drop is nearly recovered with values of the pressure coefficient 
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between -0.1 and -0.2 for these experiments. Figure 2.12 depicts the Cpmin values (along 
with a curve fit). The data show quite a lot of scatter, although the trend is clearly 
discernible, consistent with other experimental observations (e.g., Castro & Robins, 
1977; Tieleman et al., 1996) and the measurement uncertainty.  
 
 
Figure 2.11: Distribution of the reduced pressure coefficient (Cp*) under the 
separation bubble. Legends: Building-1: 1L ; 2L ; 3L ; 1S ; 2S 
; 3S  ; Building-2: 1L ; 2L ; 3L ; 1S ; 2S ; 3S ; Hudy et 
al. (2003) ; Ruderich & Fernholz (1986), Case-1 ; Ruderich & Fernholz (1986), 
Case-2 ; polynomial fit through the Hudy et al. (2003) and Ruderich & Fernholz 
(1986) ; NIST data legends are listed in Table 2.6. 
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Figure 2.12: Variations of minimum mean pressure coefficient with turbulence 
intensities. A polynomial fit through the dataset of Building-1 and Building-2 are 
shown on the figure with a dashed curve. 
2.5 Discussion 
From the Particle Image Velocimetry and surface pressure data for Building-1 it is 
observed that the building height turbulence intensity in the upstream boundary layer 
flow is the key turbulence parameter affecting the size of the separation bubble. For the 
range of turbulence length scales considered in this experiment (Lx/H = 6 to 13), no 
significant effect of turbulence length scales on the size of the separation bubble was 
observed. However, for very large values of integral scales in the upstream boundary 
layer, similar effects may not be observed. For two-dimensional bluff bodies placed in 
uniform upstream flows, it is observed in the literature that, at significantly larger values 
of turbulence length scale (relative to the body thickness, Lx/H), the surface mean 
pressure distributions behave more like smooth upstream flow over bluff bodies 
(Nakamura & Ozono, 1987). Bearman & Morel (1983) and Nakamura & Ozono (1987) 
suggest that, at these large values of upstream scales, the slowly fluctuating velocities are 
unable to alter the mean flow inside the separation bubble and that this may lead to larger 
separation bubbles. For surface-mounted bodies, similar effects would be expected.  
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For a fixed turbulence intensity, larger integral scales imply lower energy levels at the 
higher frequencies (smaller scales). Consider, for example, the von Kármán spectrum, 
 
𝑓𝑆𝑢𝑢
𝜎2
=
4(
𝐿𝑥𝑓
𝑈
)
[1+70.8(
𝐿𝑥𝑓
𝑈
)
2
]
5/6         (2.4) 
 
which indicates that the normalizing parameters for the power spectral density of the 
streamwise velocity are the variance, σ2, and the integral time scale, 𝐿𝑥/𝑈. One can re-
write this in terms of the turbulence intensity and Lx/H, 
 
𝑓𝑆𝑢𝑢
𝑈2
=
4(
𝐿𝑥𝑓
𝑈
)𝐼𝑢
2
[1+70.8(
𝐿𝑥𝑓
𝑈
)
2
]
5/6         (2.5) 
 
Figure 2.13 illustrates the spectra for H = 4m and U = 30m/s. For the spectrum with Lx/H 
= 200 and Iu = 17%, the energy is shifted to larger wavelengths relative to the size of the 
building compared to the spectrum with Lx/H = 10 and Iu = 17%. At wavelengths similar 
to the building size, i.e., 𝑓𝐻 𝑈⁄  ~ 1 there is an order of magnitude more energy for Lx/H = 
10 than for Lx/H = 200. While this undoubtedly affects the fluctuating pressures, one may 
also expect a change towards lower-turbulence-level (i.e., smoother) mean-flow results, 
based on the Nakamura & Ozono (1987) data. Quasi-steady theory results suggest that 
the cut-off for “passive” fluctuations is at about 𝑓𝐻 𝑈⁄  ~ 0.1 (e.g., Wu & Kopp, 2016, for 
a building with the same geometry as Building-1). If this holds generally, then the Lx/H = 
200, Iu = 17% flow would yield similar aerodynamics (i.e., similar reattachment lengths 
and pressure distributions) as for the Lx/H = 2 and Iu = 4% spectrum shown in Figure 13. 
This is the argument made by Irwin (2008; see his Figure 9) regarding the “partial 
turbulence simulation” method. Clearly, such results would have significant implications 
on how scale-model wind tunnel tests are conducted, particularly for large model scales. 
For low-rise buildings in the range from H = 4m to 20m, in open (Iu ~ 17%) or suburban 
(Iu ~ 27%) terrain, Lx/H is in the range from 7 to 33, based on the integral scales found by 
Counihan (1975) for the atmospheric boundary layer. The experiments for Building-1 are 
within this range (but do not fully span it). Thus, the current data for Building-1 (i.e.,  
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Figure 2.13: Streamwise velocity spectra for H = 4m and U= 30m/s and various 
integral scales and turbulence intensities. 
Tables 2.3 and 2.4 and Figures 2.7 and 2.8) are of practical relevance for typical wind 
engineering applications for low-rise buildings. In general, further research is required to 
more fully assess the impact of integral scales outside the range tested, although it should 
be emphasized that there are challenges with respect to the size of boundary layer wind 
tunnels achieving larger integral scales relative to reasonably sized building models, as 
discussed by Tieleman (2003). 
2.6 Conclusions 
The objective of this chapter is to examine the effects of turbulence intensity and scale in 
upstream boundary layers on the mean reattachment length and pressure distributions for 
low-rise buildings. PIV and surface pressure measurements were made on a model 
building in six distinct terrain simulations, along with a detailed analysis of the pressure 
measurements from another low-rise building model for similar six terrains. The roof 
centre-line pressure for low-rise buildings with roof slopes less than or equal to 1:12 
extracted from the NIST dataset (Ho et al., 2005) were also utilized in the analysis. The 
following conclusions can be drawn from the results: 
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➢ The mean location of the stagnation streamline on the front wall of a low rise 
building is found to be at 0.65H and is unaffected by the turbulence properties in 
the upstream flow. 
➢ The mean reattachment length is primarily dependent on the streamwise 
turbulence intensity upstream of the building and the building aspect ratio. For the 
low-rise building models considered in the present experiment, it is seen that 
increasing the roof height turbulence intensities causes the mean reattachment 
lengths to decrease. For instance, increasing roof height turbulence from Iu = 9% 
to 25% reduced the size of the separation bubble by more than 30%. 
➢ It was found that the reduced pressure coefficient, Cp*, distribution within 
separation bubbles depends primarily on the reattachment length, but also 
depends on the turbulence intensity. Values of Cp* at x/Xr = 1 range from about 
0.35 for low turbulence (from Hudy et al., 2003) to about 0.20 at Iu ~ 25%. Thus, 
while high turbulence levels cause earlier reattachment, the pressure does not 
recover at the same rate, relative to the reattachment point. 
➢ Larger aspect ratios also yield larger mean reattachment lengths. For example, 
with Iu ~ 18%, changing the aspect ratio from 2 to 16 increased the reattachment 
length by about 50% under the assumption that the Cp* value at reattachment is 
unaltered by aspect ratio. Further research is required to confirm this point. 
➢ The reattachment length was found to be largely unaffected by the integral length 
scales over the range of values examined (i.e., Lx/H = 6 to 13). However, for 
significantly larger integral scales, at a fixed turbulence intensity the reattachment 
length is also expected to be an important parameter. 
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Chapter 3  
3 The effects of turbulence on the mean and fluctuating 
velocity fields within the separated-reattaching flow of a 
surface-mounted prism  
 
3.1 Introduction 
Flows over sharp leading edge bluff bodies have received special attention by researchers 
because of their numerous practical applications. Some of the practical applications of 
flows over sharp leading edge bluff bodies include atmospheric boundary layer flows 
over low-rise buildings, surface-mounted solar panels and flows over large sharp edged 
cliffs. One of the most unique features for flows over sharp-leading-edge bluff bodies, 
compared to other bluff bodies (e.g., spheres, circular cylinders, etc.), is the presence of 
the fixed separation point at the leading edge. However, as discussed in earlier chapters, 
flows over sharp leading edged bluff bodies typically reattach on the surfaces of the body 
if the streamwise dimension of the bluff bodies is long, forming a turbulent separation 
bubble. This turbulent separation bubble exhibits completely different flow behavior than 
the flow further away from the bluff body. The separated and reattaching flows over the 
sharp-leading-edge bluff bodies can be divided into three distinct regions; namely the 
separated shear layer, the recirculation region under the separated shear layer and the 
outer flow region above the separated shear layer.  
There are a comparatively larger number of studies focussing on separated and 
reattaching flows over two-dimensional bluff bodies in low turbulence uniform upstream 
flows in contrast to complex incident flows with high turbulence. Kiya & Sasaki (1983) 
investigated the velocity fields in and around the separation bubble formed on the top 
surface of a two-dimensional blunt flat plate placed in uniform upstream flow with very 
low turbulence intensity. Their investigations reveal the shedding of large scale vortices 
near the reattachment point, which is associated with a shrinkage and elongation process 
of the separation bubble, causing the flapping motion of the separated shear layer. The 
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shedding of these vortices influences the surface pressures under the separation bubble. 
The experimental results of Kiya & Sasaki (1983) and Kiya & Sasaki (1985) show that 
for a two-dimensional bluff body placed in uniform upstream flow, the vortices shed 
from the reattachment point influence surface pressure fluctuations near the reattachment 
point while the pressure fluctuations close to the separation point are related to the 
Kelvin-Helmholtz instability. In these studies, the effects of turbulence properties in the 
upstream on the flow characteristics in the separation bubble have not been investigated. 
Saathoff & Melbourne (1997) investigated the effects of upstream turbulence properties 
on the flow field inside the separation bubble formed on the surface of two-dimensional 
bluff bodies over a range of turbulence intensity and lengths scales. Their investigations 
reveal that turbulence properties in the upstream interact with the separated shear layer in 
a variety of manners. An upstream with higher turbulence intensities causes greater 
perturbations in the separated shear layer and causes the rolling up of vortices to occur 
closer to the leading edge. This leads to larger surface pressure fluctuations for larger 
turbulence intensities. However, these authors speculate that for smaller scales of 
turbulence in the upstream the gusts are more frequent to carry away the vortices in the 
shear layer downstream not allowing the vortices to grow in strength. In contrast, for 
larger turbulence length scales, the gusts are less frequent and allow more time for the 
vortices to grow in strength, which causes the surface pressures to fluctuate more. 
The velocity field around surface-mounted bluff bodies have been received 
comparatively less attention by fluid mechanics researchers, although some simplified 
geometries with smooth incident flow have received extensive study, particular for 
benchmarking cases of computational fluid dynamics (CFD); for example, some 
experimental and computational studies focussing on the separated and reattaching flows 
over forward facing steps include Agelinchaab & Tachie (2008), Hattori & Nagano 
(2010), Sherry et al. (2010), Ren & Wu (2011), Pearson et al. (2013), Iftekhar & Agelin-
Chaab (2016). One fundamental difference in the flow features of the forward-facing 
step, in contrast to two-dimensional bluff bodies in uniform stream, is the formation of a 
recirculation region at the base of the front wall of the step. Pearson et al. (2013) 
observed that intermittent shedding from the recirculation region at the base of the 
forward-facing step spills over the step and interacts with the separation bubble formed 
46 
 
on the top surface of the step. The interactions of these kinds are absent for two-
dimensional bluff bodies in uniform upstream flow. However, in the similar manner of 
the separation bubbles of two-dimensional bluff bodies in the uniform upstream flow, 
Sherry et al. (2010) observed the flapping of the separated shear layer caused by 
accumulation of vortices in the separation bubble and it’s shedding from the reattachment 
point. Sherry et al. (2010) also investigated the presence of high streamwise Reynolds 
normal stress and Reynolds shear stress regions along the separated shear layer. In any 
case, the effects of the turbulence properties in the incident flow on the formation and 
decay of these turbulence components were not investigated. Also, the mechanisms by 
which the flow fields in and around the separation bubble affect the fluctuating pressures 
on the surface remains to be studied. 
There have been a limited number of studies present in literature investigating the 
separated and reattaching flows over sharp leading edge three-dimensional bluff bodies in 
turbulent boundary layer upstream conditions. Castro and Robins (1977) show that for 
surface-mounted cubes placed in turbulent boundary layer flows, there is intermittent 
reattachment on the upper surface and that the Reynolds stress components play 
important role in characterization of surface aerodynamic loading. Simultaneous pressure 
and velocity field measurements on the surface of a gable-roofed building (Kopp et al., 
2012) show the formation and convection of a vortex near the leading edge is responsible 
for the high instantaneous uplift on the roof surface. However, the effects of upstream 
turbulence properties on the formation of these vortices have not been investigated in 
detail. Martinuzzi & Tropea (1993) investigated the flow fields around surface-mounted 
three-dimensional prisms of different aspect ratios and found the presence of a large 
vortex at the base of the front surface of the three-dimensional prism which flows 
downstream along the sides of the prism and forms a horseshoe-like vortex. There is a 
possible interaction of this horseshoe-like vortex with the flow above the three-
dimensional prism and the interaction reduces as the spanwise dimension of the prism 
increases. The presence of the horseshoe vortex is a unique feature of the three-
dimensional surface-mounted bluff bodies as these are not observed for forward facing 
steps and two-dimensional bluff bodies in uniform upstream flows. Kim et al. (2003) 
took detailed velocity field measurements around a surface-mounted rectangular prism in 
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a turbulent boundary layer upstream. Their analysis reveals that along the separated shear 
layer a very short distance downstream from the separation point, turbulent kinetic 
energy attains its maximum value and then gradually reduces in the downstream direction 
as the reattachment point is approached. However, the effects of turbulence properties in 
the upstream on the flow fields and the distribution of turbulent kinetic energy in and 
around the separation bubble have not been well addressed in literature.  
In this chapter, the mean and fluctuating velocity fields along with the turbulence energy 
budget in and around the separation bubble formed on the top surface of a surface-
mounted prism are investigated for six different turbulent boundary upstream conditions 
using the Time-Resolved Particle Image Velocimetry measurements described in Chapter 
2. The effects of the turbulence properties in the approaching boundary layer flow on 
both mean and fluctuating velocity fields are examined in detail. 
3.2 Normalization of the velocity field 
3.2.1 Variable normalization 
The mean and fluctuating velocity fields along with the mean and fluctuating vorticity 
fields are investigated for the six upstream boundary layer conditions. The results are 
normalized by the corresponding quantities at a vertical location sufficiently far from the 
body surface, i.e., at a location where the quantities do not change in magnitude with 
distance from the roof surface. This vertical location is labelled as the reference height 
(Hr) in the following sections. The flow characteristics of the reference height (Hr) 
represent the characteristics of the flow immediately surrounding the model. The 
reference height is located at y = Hr = 1.8H1 from the wind tunnel floor, as shown in 
Figure 3.1. The subscript, ‘r’, with the variables represents the local normalizing value. 
As well, the subscript ‘r,LE’ represents a normalizing value at Hr above the leading edge, 
i.e., at x = 0. Normalizing the mean and fluctuating velocity fields and the mean and 
fluctuating vorticity fields in and around the separation bubble by corresponding 
quantities at Hr indicate how the flow properties vary with respect to the surrounding 
flow. The flow properties investigated are: 
a. Mean streamwise velocity component (U)  
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b. Mean vertical velocity component (V) 
c. Mean velocity magnitude (|V|=(U2+V2)1/2)  
d. Standard deviation of velocity magnitude (|V|’)  
e. Mean streamwise Reynolds normal stress (𝑢′𝑢′̅̅ ̅̅ ̅) 
f. Mean vertical Reynolds normal stress (𝑣′𝑣′̅̅ ̅̅ ̅) 
g. Mean Reynolds shear stress ( −𝑢′𝑣′̅̅ ̅̅ ̅̅ ̅) 
In addition to these flow properties, the production, convection and diffusion terms in the 
turbulence energy budget are also investigated. 
 
Figure 3.1: Schematic representation of the axial locations and the reference 
locations used for variable normalization. 
3.2.2 Vertical axis normalization and thickness of the separation 
bubbles 
In the contour plots of the investigated variables, the horizontal and vertical axes 
represent the axial distance from the leading edge of the model and vertical distance from 
the roof surface respectively. In these plots both the horizontal and vertical axes are 
normalized by the model height, H1. However, in the vertical distribution of the 
investigated variables, the vertical axis represents the distance from the model’s roof 
surface whereas the horizontal axis represents the normalized investigated variable. In 
these plots, the vertical axis is normalized by the maximum thickness of the mean 
separation bubble (Tb,max). In Table 3.1, the values of Tb,max /H1 are for all six upstream 
conditions presented. It is observed that a larger turbulence intensity decreases the 
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maximum mean thickness of the separation bubble as a proportion of the model height, 
H1. However, the values of Tb,max/Xr indicate that the ratio of Tb,max to Xr is almost 
identical for all of the upstream conditions, with a mean values of about 0.19. The small 
differences observed in the values of Tb,max/Xr are primarily due to the spatial resolution 
of the PIV measurements (0.02H1). 
Table 3.1: Maximum thickness of the mean separation bubble. 
Upstream 
Conditions 
Maximum thickness of 
mean separation bubble, 
Tb,max/H1 
Maximum thickness of 
mean separation bubble, 
Tb,max/Xr 
1S 0.25 0.18 
1L 0.25 0.18 
2S 0.19 0.18 
2L 0.21 0.2 
3S 0.17 0.19 
3L 0.19 0.21 
 
3.2.3 Axial measurement locations 
The vertical distributions of normalized variables were investigated at six different axial 
locations. The axial locations were chosen in such a manner that each of the axial 
locations show almost same values of x/Xr. However, the actual axial distances from the 
leading edge (x/H1) of the chosen locations may vary from one upstream condition to the 
other, as shown in Chapter 2, the mean reattachment length (Xr) varies for different 
upstream conditions. In Figure 3.1, in the schematic representation of the axial locations, 
the locations are numbered as 1, 2, 3, 4, 5 and 6. In Table 3.2 the axial locations with 
respect to the mean separation bubble (Xr) are presented. 
 
Table 3.2: Axial locations considered for velocity profile investigations. 
Axial location 1 2 3 4 5 6 
Position with respect to the 
separation bubble, x/Xr 
0.05 0.2 0.4 0.6 0.8 1 
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3.3 Results and discussions 
3.3.1 Mean streamwise velocity (U) 
In Figure 3.2 the mean streamwise velocity contours, U/Ur are shown for the six upstream 
conditions.  On these contour plots, mean streamlines are also plotted. The mean 
streamlines show that the flow separates at the leading edge, moves upwards and then 
curves back towards the roof surface, and reattaches on the surface. It is observed that for 
higher turbulence intensities in the upstream, the mean reattachment lengths (Xr) 
decrease. A detailed investigation of this can be found in Chapter 2. It is also evident that 
the centre of the recirculation region under the separated and reattaching streamline 
moves closer to the leading edge as the model height turbulence intensity is increased.  
The contours of mean streamwise velocities (U/Ur), indicate that, close to the roof 
surface, the mean streamwise velocities are negative within the separation bubble i.e, 
there is reverse flow. With increasing vertical distance from the roof surface the 
magnitude of mean streamwise velocities increases and gradually blends into the 
surrounding mean flow. The zero contour of U/Ur starts at the leading edge, passes 
through the centre of the separation bubble and ends at the mean reattachment point. A 
closer look at the plots reveals that, along the separating - reattaching streamline, the 
magnitude of U is 40% of the mean streamwise velocity of the surroundings (Ur) up to 
the axial location where the mean thickness of the separation bubble attains its maximum 
value. As the separating and reattaching streamline curves back towards the roof surface, 
the 40% mean streamwise velocity contour deviates from the separating and reattaching 
streamline into the outer flow.  
Figure 3.3 shows the mean streamwise velocity U/Ur profiles above the roof surface at 
six different streamwise locations. These profiles indicate the development of the flow 
indicating that the recovery of mean streamwise velocity into the surrounding values. It is 
observed that, irrespective of the turbulence intensity and length scale, the recovery of 
mean streamwise velocity to the mean streamwise velocities of the surroundings occurs at 
almost at the same vertical distance above the model’s roof surface, when the vertical  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.2: Contours of U/Ur for upstream conditions (a) 1S, (b) 1L, (c) 2S (d) 2L (e) 
3S and (f) 3L. 
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(a) (b) (c) 
 
   
(d) (e) (f) 
Figure 3.3: Vertical profiles of U/Ur at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, (d) 
x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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axis is normalized by Tb,max. Thus, considering the constancy of Tb,max/Xr ratio, 
normalizing the vertical distance in this manner shows the similarity of the mean 
streamwise velocities in and around the separation bubble since the profiles for all six 
upstream conditions collapse on each other at all locations. These results also reveal that 
Tb,max is the appropriate parameter for normalizing the vertical distances in these flows. 
(In contrast, when the distance from the roof surface is normalized by the height of the 
model (H1), it is observed that recovery of the mean streamwise flow into the surrounding 
flow occurs at different vertical heights from the roof surface. These figures are presented 
in Appendix B, Figure B.1.) This parameter, Tb,max, has previously been used by Castro & 
Haque (1987) to normalize the vertical distance from the surface. Hence, the mean 
thickness of the separation bubble is reduced by increasing the turbulence intensity 
because of the reduced reattachment length. Integral length scales do not significantly 
affect the thickness of the separated flow.  
In Figure 3.4, the variation of Ur is presented. Here the values of Ur are presented 
normalized by Ur,LE and the horizontal axis, representing the axial distance from the 
leading edge, is normalized by the model height, H1. It is observed that with the 
increment of axial distance from the leading edge, for all six upstream conditions, the 
mean streamwise velocities do not change significantly from Ur,LE and the horizontal 
distribution of Ur/Ur,LE at Hr does not show significant change with changing the 
upstream conditions. The maximum deviation of U from Ur,LE is observed to be about 
7%. Hence, normalizing the parameters with Ur,LE instead of Ur does not significantly 
affect the results. In order to compare the turbulence and flow properties for different 
upstream cases, variables normalized by Ur_LE will also be used in addition to local 
normalizing values in the following sections. 
3.3.2 Mean vertical velocity component (V) 
The contour plots of normalized mean vertical velocity component (V/Vr,LE) (Figure 3.5) 
show that, at the leading edge, the mean vertical velocity component has its highest 
magnitude, after which it decreases as flow moves downstream. Due to the interaction of 
the upstream flow with the model’s front surface, flow moves upwards giving rise to the  
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Figure 3.4: Horizontal distribution of Ur/Ur,LE at Hr. 
vertical component of the velocity. With increasing vertical distance from the leading 
edge, due to the interaction with the high streamwise component in the upstream flow, 
the vertical component of the velocity decrease. The contour of the zero mean vertical 
velocity passes through locations where the flow only has the streamwise component 
including the centre of the separation bubble. Downstream of the zero mean vertical 
velocity contour, flow moves towards the surface of the model where regions of negative 
mean vertical velocity component are observed. As discussed earlier, due to the 
shortening of the separation bubble with upstream turbulence intensity, the centre of the 
separation bubble moves towards the leading edge causing movement of the zero mean 
vertical velocity contour towards the leading edge with increasing the model height 
turbulence intensity in the upstream. 
Figure 3.6 shows the profiles of V/Vr at six different axial locations from the leading edge 
where the vertical distance from the roof surface is normalized by Tb,max. The vertical 
locations of maximum V/Vr move away from the roof surface as flow moves downstream. 
At axial locations less than 0.5Xr (locations 1, 2 and 3) closer to the roof the values of 
V/Vr are positive, whereas at axial locations greater than 0.5Xr (locations 4, 5 and 6) the 
magnitudes of V/Vr are negative closer to the surface. These are because of the upward 
movement of the flow after separation close to the separation point and downward 
movement of the flow as reattachment is approached. It is also observed that, unlike the  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.5: contours of V/Vr,LE for upstream conditions (a) 1S, (b) 1L, (c) 2S (d) 2L 
(e) 3S and (f) 3L. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.6: Vertical profiles of V/Vr at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, (d) 
x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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distribution of U/Ur, the distribution of V/Vr does not collapse for all six upstream 
conditions even though the mean vertical velocity components are normalized by the 
mean vertical velocity component at the reference height (Hr) and the distance from the 
surface is normalized by Tb,max. Hence, the distribution of V/Vr in and around the 
separation bubble is not self-similar. However, the fact that the distributions of V/Vr 
showing a decreasing trend beyond the reference height suggests that the reference height 
chosen for normalizing the mean vertical velocity components does not perfectly 
represent the mean vertical velocity component of the surroundings. 
In Figure 3.7 the horizontal distribution of Vr/Vr,LE is presented. For each of the upstream 
conditions, the magnitude of Vr reduces from Vr,LE as axial distance from the leading edge 
is increased. The magnitudes of Vr/Vr,LE for higher turbulent upstream conditions (‘3S’ 
and ‘3L’) drop at higher rate compared to lower turbulence upstream cases. The effect of 
turbulence length scales in the upstream is only observed for upstream conditions ‘3S’ 
and ‘3L’, where the magnitudes of Vr/Vr,LE decrease at slower rate as upstream turbulence 
length scale is increased. 
 
 
Figure 3.7: Horizontal distribution of Vr/Vr,LE at Hr. 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.2 0.4 0.6 0.8 1
V
r/
V
r,
L
E
Distance from the leading edge, x/H1
1S
1L
2S
2L
3S
3L
58 
 
 
 
(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.8: Vertical profiles of V/Ur,LE at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, (d) 
x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
0
1
2
3
4
5
6
0 0.5 1
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
V/Ur,LE
1S
1L
2S
2L
3S
3L
0
1
2
3
4
5
6
0 0.2 0.4 0.6
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
V/Ur,LE
0
1
2
3
4
5
6
-0.1 0 0.1 0.2 0.3
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
V/Ur,LE
0
1
2
3
4
5
6
-0.1 0 0.1 0.2
D
is
ta
nc
e 
fr
om
 th
e 
su
rf
ac
e,
 y
/T
b,
m
ax
V/Ur,LE
0
1
2
3
4
5
6
-0.1 0 0.1
D
is
ta
nc
e 
fr
om
 th
e 
su
rf
ac
e,
 y
/T
b,
m
ax
V/Ur,LE
0
1
2
3
4
5
6
-0.1 0 0.1
D
is
ta
nc
e 
fr
om
 th
e 
su
rf
ac
e,
 y
/T
b,
m
ax
V/Ur,LE
59 
 
In Figure 3.8 the vertical profiles of mean vertical velocity component normalized by 
Ur,LE are presented. It is observed that the magnitudes of V are very small compared to 
Ur,LE in most of the regions within the separation bubble. Along the separated shear layer 
at the axial location closer to the leading edge (‘Location 1’), the value of V/Ur,LE is 
observed as the maximum 0.6. Vertically away from the surface and also downstream of 
the separation point the magnitudes of V/Ur,LE drop significantly. Hence, in most of the 
regions of the separation bubble, except for the regions very close to the leading edge, the 
vertical mean velocity components are not significant when compared to the mean 
streamwise velocity component at the reference height (Ur,LE). 
3.3.3 Mean velocity magnitude, |V| 
The contours of the mean velocity magnitudes in and around the separation bubble, 
|V|/|V|r are presented in Figure 3.9. These figures show that along the separating - 
reattaching streamline the mean velocity magnitude is approximately 0.45|V|r over that of 
the mean streamwise velocity component (U). However, it is observed from the contours 
of mean streamwise velocity component that the 0.4Ur contour follows the separated and 
reattaching streamline until the maximum thickness of the separation bubble is obtained. 
Clearly, the major contributor to the mean velocity magnitude along the separated shear 
layer is the mean streamwise velocity component. 
The profiles of |V|/|V|r for the six upstream conditions are presented in Figure 3.10. It is 
observed that closer to the surface the mean velocity magnitude has the minimum value 
for all upstream conditions and it gradually increases away from the roof surface. For all 
of the upstream conditions, |V| reaches the mean velocity magnitude of the reference 
height (|V|r) almost at the same height from the roof surface when the vertical axis is 
normalized by Tb,max. However, the actual heights at which |V| reaches |V|r is different for 
different upstream conditions. This can be observed from the plots of |V|/|V|r (presented 
in Appendix B, Figure B.2) where the vertical distance from the roof surface is 
normalized by the model height (H1). For larger values of the upstream turbulence 
intensity, the heights to reach the outer mean velocity magnitudes decrease. The vertical 
distance at which the mean velocity magnitude equals the reference magnitude increases  
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(a) (b) 
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(e) (f) 
Figure 3.9: Contours of |V|/|V|r for upstream conditions (a) 1S, (b) 1L, (c) 2S (d) 2L 
(e) 3S and (f) 3L. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.10: Vertical profiles of |V|/|V|r at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, 
(d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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as flow moves downstream from the leading edge due to the movement of the separated 
shear layer away from the surface. Like the mean streamwise velocity distributions, the 
vertical distribution of normalized mean velocity magnitude |V|/|V|r does not change with 
changing the upstream conditions. Hence, the distribution of velocity magnitudes in and 
around the separation bubble is essentially self-similar, even though the vertical 
component is not. 
In the following figure (Figure 3.11), the horizontal distribution of |V|r/|V|r,LE is 
presented. As axial distance from the leading edge increases |V|r show very little 
deviation from |V|r,LE,with the maximum deviation being around 7%. 
 
Figure 3.11: Horizontal distribution of |V|r/|V|r,LE at Hr. 
3.3.4 Streamwise Reynolds normal stresses (𝒖′𝒖′̅̅ ̅̅ ̅̅ ) 
The contours of the Reynolds normal stress in the streamwise direction (𝑢′𝑢′̅̅ ̅̅ ̅), 
normalized by the reference values ((𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ 𝑟) for the six upstream conditions are 
presented in Figure 3.12. On the contour plots the mean streamlines are also plotted in 
order to observe the regions of fluctuating streamwise velocity components with respect 
to the mean flow in and around the separation bubble. The results demonstrate that, for 
each of the upstream condition, closer to the model surface the magnitude of Reynolds 
normal stresses in streamwise direction are small and it gradually increases as distance 
from the roof surface approaches the separated shear layer. With further increment of  
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(e) (f) 
Figure 3.12: Contours of 𝒖′𝒖′̅̅ ̅̅ ̅̅ /(𝒖′𝒖′)̅̅ ̅̅ ̅̅ ̅̅ r for upstream conditions (a) 1S, (b) 1L, (c) 2S 
(d) 2L (e) 3S and (f) 3L. 
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vertical distance from the model’s surface, 𝑢′𝑢′̅̅ ̅̅ ̅ gradually reduces to match (𝑢′𝑢′)̅̅ ̅̅ ̅̅ 𝑟. It is 
also observed from the present experimental results that very close to the leading edge the 
streamwise velocity fluctuations are low compared to the maximum streamwise velocity 
fluctuations observed along the separated shear layer. As flow moves downstream, the 
region of maximum streamwise velocity fluctuations are observed along the separated 
shear layer and the region of maximum streamwise velocity fluctuations start to occur at 
an axial distance around 0.2H1 from the leading edge. As the mean separating - 
reattaching streamline moves towards the roof surface after attaining the maximum 
thickness of separation bubble (Tb,max), the regions of streamwise velocity fluctuations 
moves away from the mean separating and reattaching streamline, reducing and blending 
into the outer flow.  
There are qualitative similarities with the results for the forward-facing step obtained by 
Sherry et al. (2010) in a very low turbulence upstream flow (Iu=1%). However, there is 
some dissimilarity as well. For example, the regions with high streamwise Reynolds 
normal stresses for the forward-facing step are found to be spread over a longer region in 
the streamwise direction when compared to the current experimental results. This 
difference is mainly due to the formation of longer separation bubbles for forward facing 
step as observed by Sherry et al. (2010). (Sherry et al. (2010) observed a mean size of 
separation bubble very close to 3H, whereas for the present experimental results the 
maximum and minimum mean sizes of the separation bubbles were observed to be 
~1.4H1 and 0.88H1 respectively.)  
As discussed by Martinuzzi & Tropea (1993), for a forward facing step, in contrast to 
surface mounted three dimensional prisms, the streamwise flow accelerates more over the 
step causing a delay in reattachment. The turbulence intensities in the upstream also plays 
important role in characterizing the mean size of the separation bubble (Chapter 2). High 
turbulence upstream flow interacts with the separated shear layer resulting higher 
entrainment of high velocity upstream flow in the separation bubble to overcome the 
momentum deficit caused by the leading edge of the bluff body by the mechanism known 
as turbulence mixing. This mechanism in turn causes earlier reattachment on the surface 
for higher turbulence upstream cases (Sherry et al., 2010). Due to the geometry and 
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considerably low turbulence upstream, longer mean size of the separation bubble is 
observed by Sherry et al. (2010) where the mean separating and reattaching streamline 
reaches its maximum height from the model’s surface at a higher streamwise distance 
from the leading edge before moving downwards towards surface compared to smaller 
separation bubbles observed in the present experiment. However, the spread of Reynolds 
normal stress in the streamwise direction of Sherry et al. (2010) with respect to the mean 
size of the separation bubble (Xr) is observed to be qualitatively similar with the present 
experimental results.  
It is observed from the contour plots that with the increment of the turbulence intensities 
in the upstream, the magnitude of streamwise velocity fluctuations decrease. It is worth 
noting here that the magnitudes of streamwise velocity fluctuations are normalized by the 
streamwise velocity fluctuations at the reference height (Hr=1.8H1). Hence, the results 
presented in Figure 3.12 represent the ratio of streamwise velocity fluctuations to the 
streamwise velocity fluctuations at the reference height. Keeping this in mind, the results 
in Figure 3.12 show that the magnitude of streamwise velocity fluctuations along the 
separated shear layer compared to the outer flow is maximum for upstream condition 
‘1S’ and minimum for upstream condition ‘3L’. 
In Figure 3.13, the vertical profiles of 
𝑢′𝑢′
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅̅
 are presented. For all upstream conditions, it 
is observed that as flow moves downstream from the leading edge, the regions of high 
𝑢′𝑢′
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅̅
 spread wider in the vertical direction as compared to the regions of 
𝑢′𝑢′
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅̅
 closer to 
the leading edge. The recovery of the outer flow values occurs almost at the same height 
for all of the upstream conditions when the distance from the roof is normalized by Tb,max. 
However, normalizing the vertical distance from the roof surface by the model height (H) 
reveals that the actual distances to the outer flow values decrease with increasing 
turbulence intensity in the upstream. (Plots are presented in Appendix B, Figure B.3.) For 
the upstream with lowest turbulence intensity and turbulence length scale (upstream 
‘1S’), the magnitude of 
𝑢′𝑢′
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅̅
 generated in the separated shear layer is the highest while  
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.13: Vertical distribution of 𝒖′𝒖′̅̅ ̅̅ ̅̅ /(𝒖′𝒖′)̅̅ ̅̅ ̅̅ ̅̅ r at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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for the highest model eight turbulence intensity and turbulence length scale (upstream 
‘3L’), the magnitude of 
𝑢′𝑢′
(𝑢′𝑢′̅̅ ̅̅ ̅̅ ̅)𝑟
̅̅ ̅̅ ̅̅ ̅
 along the separated shear layer compared to the reference 
height is found lowest.  Effects of the model height turbulence length scales are also 
observed in the results as decreasing turbulence length scales in the upstream increases 
the streamwise velocity fluctuations along the separated shear layer compared to the 
streamwise velocity fluctuations in the surrounding flow. Hence, it can be concluded that 
the relative levels of the body-generated streamwise velocity fluctuations along the 
separated shear layer, compared to the velocity fluctuations in the surrounding flow, are 
highest for the smoothest (i.e., lowest turbulence) cases. 
It is also evident from these plots that for six different upstream conditions, the 
distribution of 
𝑢′𝑢′
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅̅
 under the separated shear layer do not collapse on the same curve 
even though the distance from the surface is normalized by Tb,max. However, a 
satisfactory collapse of the distribution of 
𝑢′𝑢′
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅̅
 is observed in the regions above the 
shear layer where the streamwise velocity fluctuations match the streamwise velocity 
fluctuations of the outer flow. Hence, the distributions of streamwise velocity fluctuations 
under the separated flow are not observed to be self-similar.  
Figure 3.14 shows the axial variation of 
𝑢′𝑢′𝑟̅̅ ̅̅ ̅̅ ̅̅
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟,𝐿𝐸
 at the reference height (Hr). It is 
observed that, except for the upstream condition ‘1S’, 
𝑢′𝑢′𝑟̅̅ ̅̅ ̅̅ ̅̅
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟,𝐿𝐸
 does not show significant 
variation as the axial distance from the leading edge increases. However, for the upstream 
condition ‘1S’, the magnitude of 
𝑢′𝑢′𝑟̅̅ ̅̅ ̅̅ ̅̅
(𝑢′𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟,𝐿𝐸
 initially decreases showing a maximum 
deviation of about 10% in (𝑢′𝑢)𝑟̅̅ ̅̅ ̅̅ ̅̅  from (𝑢′𝑢′)𝑟,𝐿𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  and increase to match (𝑢′𝑢′)𝑟,𝐿𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ further 
downstream. 
In Figure 3.15, the vertical profiles of streamwise normal stresses (𝑢′𝑢′̅̅ ̅̅ ̅) normalized by 
the square of the mean streamwise velocity at the reference height above the leading edge 
(Ur,LE
2) are presented. These plots represent the absolute differences in magnitudes of  
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Figure 3.14: Horizontal distributions of (𝒖′𝒖′)̅̅ ̅̅ ̅̅ ̅r/(𝒖′𝒖′)̅̅ ̅̅ ̅̅ ̅r,LE at Hr. 
𝑢′𝑢′̅̅ ̅̅ ̅ from one upstream condition to the other. The plots reveal that at all the six 
locations, the upstream condition ‘3S’ and ‘3L’ (the highest turbulence intensity cases 
considered in this experiment) show the maximum values in the magnitude of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 
everywhere in and around the separation bubble. The maximum value of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 is 
observed to be around 0.2 at every axial location. At most of the axial locations, slightly 
higher values of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 are observed for the upstream conditions ‘2S’ and ‘2L’ when 
compared to the upstream conditions ‘1S’ and ‘1L’. No significant effects of the 
turbulence length scales in the upstream flow are observed in the vertical distributions of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2. Hence, even though the streamwise velocity fluctuations in the separated - 
reattaching flows, compared to the streamwise velocity fluctuations in the outer flow, are 
highest for the lowest turbulence intensities and length scales in the upstream flow (as 
discussed above), the absolute magnitudes of streamwise velocity fluctuations are 
observed to be highest for the upstream conditions with the highest turbulence intensities.  
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.15: Vertical profiles of 𝒖′𝒖′̅̅ ̅̅ ̅̅ /U2r,LE  at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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3.3.5 Vertical velocity fluctuations, 𝒗’𝒗’̅̅ ̅̅ ̅ 
In Figure 3.16 the contours of the Reynolds normal stresses in the vertical direction (𝑣’𝑣’̅̅ ̅̅ ̅) 
normalized by the Reynolds normal stresses in the vertical direction at the reference 
height ((𝑣’𝑣’)̅̅ ̅̅ ̅̅ ̅𝑟) are presented. It is observed that for all six upstream conditions the 
vertical velocity fluctuations are high very close the leading edge. However, as flow 
moves downstream from the leading edge, the vertical velocity fluctuations decrease in a 
small region along the separated shear layer and then gradually increase again, further 
downstream.  
Figures 3.17 show the vertical profiles of 
𝑣′𝑣′
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
  for all six upstream conditions at six 
different axial locations from the leading edge. It is observed that, at all streamwise 
locations, closer to the surface the magnitude of  𝑣’𝑣’̅̅ ̅̅ ̅ is lower, increases as the vertical 
distance from the surface reaches the separated shear layer and then gradually reduces to 
match (𝑣’𝑣’)̅̅ ̅̅ ̅̅ ̅𝑟 further away from the surface. The vertical locations where 𝑣’𝑣’̅̅ ̅̅ ̅ match 
(𝑣’𝑣’)̅̅ ̅̅ ̅̅ ̅𝑟 is closer for higher turbulence upstream cases when compared to lower turbulence 
upstream cases. This is more prominent when the distributions of 
𝑣′𝑣′
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 are plotted 
against the vertical distance normalized by the model height (H1). (Plots are presented in 
Appendix B, Figure B.4.) The magnitudes of 
𝑣′𝑣′
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 are observed to be higher for lower 
turbulence upstream cases and lower for the higher turbulence upstream cases. This 
indicates that the generation of vertical velocity fluctuations along the separated shear 
layer, when compared to the vertical velocity fluctuations in the outer flow, is higher for 
lower turbulence intensity upstream. Increasing turbulence length scales in the upstream 
also increases the magnitudes of 
𝑣′𝑣′
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 along the separated shear layer and these 
phenomena can be more clearly observed for lower turbulence upstream conditions 
(upstream conditions ‘1S’ and ‘1L’) and at axial locations away from the leading edge. It 
can also be noted from these plots that the vertical distributions of 
𝑣′𝑣′
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 under the 
separated and reattaching flows for the six upstream conditions do not collapse on a  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.16: Contours of 𝒗′𝒗′̅̅ ̅̅ ̅̅ /(𝒗′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r for upstream conditions (a) 1S, (b) 1L, (c) 2S 
(d) 2L (e) 3S and (f) 3L. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.17: Vertical profiles of 𝒗′𝒗′̅̅ ̅̅ ̅̅ /(𝒗′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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single curve and hence, the distribution of the Reynolds normal stresses in the vertical 
direction (𝑣’𝑣’̅̅ ̅̅ ̅) are not self-similar.  
In Figure 3.18 the horizontal distributions of  
(𝑣′𝑣𝑟
′)𝑟
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟,𝐿𝐸
̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 at reference height (Hr) are 
presented. It is observed that the magnitudes of 
(𝑣′𝑣𝑟
′)𝑟
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟,𝐿𝐸
̅̅ ̅̅ ̅̅ ̅̅ ̅̅
initially increases for upstream 
conditions ‘1S’ and ‘1L’ and then decreases further away from the leading edge. For 
upstream conditions ‘2S’, ‘2L’, ‘3S’ and ‘3L’, the magnitudes of 
(𝑣′𝑣𝑟
′)𝑟
(𝑣′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟,𝐿𝐸
̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 remains almost 
constant up to an axial distance of x/H1=0.5 from the leading edge and then gradually 
decreases in magnitude as axial distance from the leading edge is further increased. The 
maximum deviation of (𝑣’𝑣’)̅̅ ̅̅ ̅̅ 𝑟 from (𝑣′𝑣′)̅̅ ̅̅ ̅̅ 𝑟,𝐿𝐸 is observed to be 15% for the upstream 
condition ‘3S’. 
The vertical profiles of 
𝑣′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 (Figure 3.19) reveal that there are no significant differences 
in the magnitude of 
𝑣′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 close to the surface as the turbulence properties in the upstream 
are varied, except for ‘Location 1’ where increased upstream turbulence intensities 
 
Figure 3.18: Horizontal distribution of (𝒗′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r/(𝒗′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r,LE at Hr. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.19: Vertical profiles of 𝒗′𝒗′̅̅ ̅̅ ̅̅ /U2r,LE (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, 
(d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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causes higher magnitudes of 
𝑣′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 . However, further away from the surface the higher 
magnitudes of 
𝑣′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 for upstream conditions with higher turbulence intensities are 
observed. It is also observed from the plots that the magnitudes of 
𝑣′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 at any axial 
location and for any upstream condition are never higher than 0.05. Comparing these 
results with the distributions of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 reveal that the magnitudes of 
𝑣′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 are always 
significantly lower than the magnitudes of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2  (the maximum value of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2  was 
observed to be 0.23). Hence, the streamwise Reynolds stresses are significantly larger 
than the vertical Reynolds normal stresses, and are the major contributor of the 
fluctuating flow field. 
3.3.6 Reynolds shear stress, −𝒖’𝒗’̅̅ ̅̅ ̅ 
The contours of Reynolds shear stresses (−𝑢’𝑣’̅̅ ̅̅ ̅) normalized by the Reynolds shear stress 
at the reference height (−(𝑢’𝑣’)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑟) are presented in Figure 3.20. It is observed that near the 
separation point, the Reynolds shear stresses show negative values. These negative 
regions of Reynolds shear stresses indicate regions of production of Reynolds stresses 
(Hattori & Nagano, 2010; Sherry et al., 2010). The turbulence energy budget will be 
examined further below. As flow moves downstream of the separation point, the 
magnitude of Reynolds shear stresses increases, attain positive values, these positive 
contours spread into the outer flow and gradually mixes into the Reynolds shear stresses 
at the reference height ((−𝑢’𝑣’)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑟). These results agree qualitatively with the experimental 
results of Sherry et al. (2010) and the DNS results of Hattori & Nagano (2010) for flows 
over forward-facing steps.  
The DNS results of Hattori & Nagano (2010) demonstrate that the positive values of 
Reynolds shear stresses occur at the locations where the vertical velocity fluctuations and 
the gradients of mean velocity are positive. Observations on the contour plots Reynolds 
shear stresses and Reynolds normal stresses in vertical direction for the present 
experiment reveal that the regions where the positive values of Reynolds shear stresses 
start to occur in the regions where the Reynolds normal stresses in the vertical direction  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.20: Contours of 𝒖′𝒗′̅̅ ̅̅ ̅̅ /(𝒖′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r  for upstream conditions (a) 1S, (b) 1L, (c) 2S 
(d) 2L (e) 3S and (f) 3L. 
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start to increase in magnitude. Hence, the present experimental results are qualitatively in 
good agreement with the numerical results of Hattori & Nagano (2010). 
The contour plots of the present experimental results also reveal that with increasing 
turbulence intensity and length scale in the upstream flow, the regions of negative 
Reynolds shear stresses spread more widely into the outer flow. These results indicate 
larger production regions of Reynolds stress components near the leading edge at higher 
turbulence intensity and length scale upstream cases. 
The vertical profiles of 
𝑢′𝑣′
(𝑢′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 are presented in Figure 3.21. Closer to the surface the 
magnitudes of 
𝑢′𝑣′
(𝑢′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 are smaller and gradually increase to maximum values as distance 
from the surface increases to the location of the separated shear layer. The magnitudes of 
−𝑢’𝑣’̅̅ ̅̅ ̅gradually match the values of −(𝑢’𝑣’)𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅ as the distance from the surface is further 
increased. However, the vertical distance at where −𝑢’𝑣’̅̅ ̅̅ ̅ matches the surrounding values 
are higher for lower turbulent upstream cases. These results can more clearly be observed 
when the distance from the surface is normalized by the model height (H1). These plots 
are presented in Appendix B (Figure B.5). It is also from the plots that at ‘Location 1’ 
and ‘location 2’, the magnitudes of 
𝑢′𝑣′
(𝑢′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 show negative values whereas for other four 
axial locations the magnitudes of 
𝑢′𝑣′
(𝑢′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑟
̅̅ ̅̅ ̅̅ ̅
 are positive along the separated shear layer. 
Along the separated shear layer, the lower turbulent upstream conditions (upstream 
conditions ‘1S’ and ‘1L’) show higher values of −𝑢’𝑣’̅̅ ̅̅ ̅ compared to −(𝑢’𝑣’)𝑟̅̅ ̅̅ ̅̅ ̅. The effects 
of turbulence length scales in the upstream are also observed, as with increasing 
turbulence length scales in the upstream, the magnitude of Reynolds shear stresses 
increase within the separation bubble when compared to the reference height. However, 
the effects of turbulence length scales in the upstream flow cannot be observed for the 
upstream conditions with highest turbulence intensities in the upstream flow (upstream 
conditions ‘3S’ and ‘3L’). Even though above the separated shear layer the profiles show 
very good match for all six upstream conditions, in the flow under the separated shear 
layer the profiles significantly vary with each other. Hence, the distributions of Reynolds 
shear stresses under the separated and reattaching flows are not self-similar. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.21: Vertical profiles of 𝒖′𝒗′̅̅ ̅̅ ̅̅ /(𝒖′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r  at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
0
1
2
3
4
5
6
-40 -20 0 20
D
is
ta
nc
e 
fr
om
 th
e 
su
rf
ac
e,
 y
/T
b,
m
ax
u'v'/(u'v')r
1S
1L
2S
2L
3S
3L
0
1
2
3
4
5
6
-10 -5 0 5
D
is
ta
nc
e 
fr
om
 th
e 
su
rf
ac
e,
 y
/T
b,
m
ax
u'v'/(u'v')r
0
1
2
3
4
5
6
-5 0 5 10 15
D
is
ta
nc
e 
fr
om
 th
e 
su
rf
ac
e,
 y
/T
b,
m
ax
u'v'/(u'v')r
0
1
2
3
4
5
6
0 5 10 15
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
u'v'/(u'v')r
0
1
2
3
4
5
6
0 10 20
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
u'v'/(u'v')r
0
1
2
3
4
5
6
0 5 10 15
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
u'v'/(u'v')r
79 
 
Figure 3.22 shows the horizontal distribution of  
(𝑢′𝑣′)𝑟
(𝑢’𝑣’)𝑟,𝐿𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
̅̅ ̅̅ ̅̅ ̅̅ ̅
 at reference height (Hr). For 
upstream conditions ‘1L’ and ‘2L’ the distributions of 
(𝑢′𝑣′)𝑟
(𝑢’𝑣’)𝑟,𝐿𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
̅̅ ̅̅ ̅̅ ̅̅ ̅
  does not change 
significantly whereas for the other four upstream conditions the magnitude of −(𝑢’𝑣’)𝑟̅̅ ̅̅ ̅̅ ̅ 
gradually reduces from −(𝑢’𝑣’)𝑟,𝐿𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  as the distance from the leading edge is increased. 
The maximum deviation of −(𝑢’𝑣’)𝑟̅̅ ̅̅ ̅̅ ̅̅ ̅ from −(𝑢’𝑣’)𝑟,𝐿𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅  is observed as 40% for upstream 
condition ‘1S’. 
The vertical distributions of −
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2   at six axial locations (Figure 3.23) indicate that the 
magnitudes of Reynolds shear stresses in and around the separation bubble vary slightly 
with changing the upstream conditions. However, it is also observed that the magnitudes 
of −
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 are small compared to the magnitudes of 
𝑢′𝑢′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 anywhere in the flow field 
except very close to the surface for ‘Location 1’. Except for ‘Location 1’ the magnitude 
of −
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑈𝑟,𝐿𝐸
2 were observed always less than 0.03. Comparing all three Reynolds stress 
components reveal that Reynolds normal stress in the streamwise direction is the largest 
within and around the separated - reattaching flow for surface-mounted bluff bodies in 
turbulent boundary layer upstream flows. 
 
Figure 3.22: Horizontal distributions of (𝒖′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ 𝒓/(𝒖′𝒗′)̅̅ ̅̅ ̅̅ ̅̅ r,LE  at Hr. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.23: Vertical profiles of −𝒖′𝒗′̅̅ ̅̅ ̅̅ ̅̅ /U2r,LE at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1.  
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3.3.7 Fluctuations in velocity magnitude, |V|’ 
The contours of the standard deviations of velocity magnitude (|V|’) in and around the 
separation bubble, normalized by the standard deviation of velocity magnitude at the 
reference height (|V|’r), are presented in Figure 3.24. For all upstream conditions, along 
the mean separating - reattaching streamline, the highest fluctuations in velocity 
magnitude are observed to occur over a streamwise extent from the separation point to 
the location of maximum mean thickness of the separation bubble. As the mean 
separating and reattaching streamline curves towards the surface the contour of the 
fluctuations in velocity magnitude moves in the outer flow and decrease in magnitude 
downstream. As the turbulence intensity in the upstream is increased, the region of 
maximum fluctuations in velocity magnitude shrinks near the leading edge. Increasing 
the turbulent length scales in the upstream also shows an indication of shortening of the 
regions of high fluctuations in velocity magnitude along the separated shear layer towards 
the separation point. 
The vertical profiles of |V|’/|V|’r are presented in Figure 3.25. The plots indicate that the 
values of |V|’/|V|’r are higher along the separated shear layer for upstream conditions with 
lower turbulent intensities and lower turbulence length scales. Self-similarity of the 
vertical profiles of |V|’/|V|’r is not observed.  
The vertical profiles of |V|’/Ur,LE (Figure 3.26) reveal that closer to the surface the 
magnitudes of |V|’/Ur,LE does not change much with changing upstream conditions. 
However, vertically further away from the surface, fluctuations in velocity magnitudes 
are observed to be increased as turbulence intensities in the upstream are increased. 
Figure 3.27 shows the horizontal distribution of |V|’r/|V|’r,LE at the reference height (Hr). 
For all of the upstream conditions the magnitude of |V|’r do not significantly vary from 
|V|’r,LE. The maximum deviation of |V|’r from |V|’r,LE is observed to be less than 5%. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.24: Contours of |V|’/|V|’r for upstream conditions (a) 1S, (b) 1L, (c) 2S (d) 
2L (e) 3S and (f) 3L. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure 3.25: Vertical profiles of |V|’/|V’|r at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, 
(d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.26: Vertical profiles of |V|’/Ur,LE at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, 
(d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1.  
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Figure 3.27: Horizontal distribution of |V|’r/|V|’r,LE at Hr. 
3.3.8 Turbulence energy budget 
The transport equation of turbulent kinetic energy can be expressed as follows (Kasagi & 
Matsunaga, 1995) 
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The terms on the right-hand side of the kinetic energy budget equation are convection, 
production, dissipation, turbulent diffusion, pressure diffusion and viscous diffusion 
respectively. The convection, production, dissipation and turbulent diffusion terms and 
their forms for two-dimensional velocity fields are as follows, 
Convection term: 
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Production: 
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For a two-dimensional velocity field the production term is: 
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For a two-dimensional velocity field the dissipation is: 
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For a two-dimensional velocity field the turbulent diffusion term is:
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The gradients of both the streamwise and vertical components were determined with a 
finite-difference approximation from the PIV velocity field data. The values of u’ and v’ 
at any given point inside the PIV field of view are known from the PIV measurements. 
Hence, taking the spatial derivatives in both directions the corresponding term is 
evaluated at the midpoint of the points considered in the calculation.  
The experimental measurements in the wake of a cylinder (Browne et al., 1987) and in 
the wake of a splitter plate (Liu & Thomas, 2004) show that the magnitude of the 
pressure diffusion term is very small. The experimental measurements of Liu & Thomas 
(2004) also confirm that the magnitude of the viscous diffusion term is very small in 
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magnitude and does not contribute significantly in turbulence energy budget. The 
pressure diffusion and the viscous diffusion terms were not considered in the analysis of 
present data. The magnitudes of the dissipation term (not presented here) measured in the 
present experiment are observed to be very small compared to convection, production 
and turbulent diffusion terms. As discussed by Liu & Thomas (2004) that the dissipation 
terms are highly sensitive to the resolution of measurements because of the mean-square 
derivatives associated with dissipation term. It is understood that the dissipation term 
could not be estimated properly from the present experiment and requires further 
investigation. In the following sections the distribution of the production, convection and 
diffusion terms at six different axial locations are presented. The results are normalized 
by Ur,LE
3/H1, here, Ur,LE is the mean streamwise velocity at reference height (Hr) above 
the leading edge.  
 
Convection 
In Figure 3.28 the vertical profiles of the convection of the turbulence kinetic energy are 
presented. It is observed that at streamwise locations x < ~ 0.5Xr, closer to the surface, as 
distance from the surface is increased; the convection term initially attains negative 
values, then gains positive values of small magnitude and again reaches maximum 
negative values further away from the surface. At streamwise locations further 
downstream than 0.5Xr, the convection term shows similar distribution except for the 
absence of the negative values close to the surface. With flow moving downstream, the 
location of maximum negative convection moves away from the surface, the magnitude 
of maximum negative convection term reduces and also the regions of high negative 
convection spreads in the vertical direction. At all six axial locations, as distance from the 
surface is further increased, the convection term approaches to zero. The rate at which the 
convection term reaches to zero is dependent on the turbulence intensities in the 
upstream. For higher levels of turbulence intensities, the convection term reaches to zero 
at a rate slower than lower turbulence upstream cases. Also, the magnitudes of 
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(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.28: Vertical profiles of convection at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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convection term along the separated shear layer increases as turbulence intensities in the 
upstream are increased. 
 
Production 
In Figure 3.29 the vertical profiles of production term are presented. Closer to the surface 
the production is very small in magnitude, increasing to maximum values at the location 
of separated shear layer and then reducing to zero further away from the surface. As flow 
moves downstream after separation, the magnitudes of maximum production are reduced, 
the higher production regions spread in the vertical direction and the location of 
maximum production moves away from the surface. It is also observed that under the 
separated shear layer the magnitudes of production are not affected much by the upstream 
conditions. However, with increasing turbulence intensities in the upstream increases the 
maximum value of production along the separated shear layer and reduces the rate at 
which the production term decays to zero. The length scales in the upstream flow does 
not significantly alter the production of turbulence along the separated shear layer. 
 
Turbulent diffusion 
Figure 3.30 show the vertical distributions of the turbulent diffusion term. Regions of 
turbulent diffusion term in the vertical direction consists of a positive region closer to the 
surface, a negative region little away from the surface and a positive region further away 
from the surface before reducing to zero into the outer flow. In all regions mentioned 
above, the magnitude of diffusion is observed to increase with increasing model height 
turbulence intensities in the upstream flow, whereas the magnitudes of diffusion are not 
affected by the turbulence length scales in the upstream. In addition to this, the rate at 
which the diffusion term decays in to the outer flow is also delayed by increasing 
turbulence intensities in the upstream. 
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(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.29: Vertical profiles of production at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) 
x/Xr=0.4, (d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
0
1
2
3
4
5
6
-1 0 1 2
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
Production
1S
1L
2S
2L
3S
3L
0
1
2
3
4
5
6
-0.2 0.3 0.8
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
Production
0
1
2
3
4
5
6
-0.2 0.8
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
Production
0
1
2
3
4
5
6
-0.2 0.3 0.8
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
Production
0
1
2
3
4
5
6
-0.2 0.3 0.8
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
Production
0
1
2
3
4
5
6
-0.2 0.3 0.8
D
is
ta
nc
e 
fr
om
 t
he
 s
ur
fa
ce
, y
/T
b,
m
ax
Production
91 
 
 
(a) (b) (c) 
 
 
(d) (e) (f) 
 
Figure 3.30: Vertical profiles of diffusion at (a) x/Xr=0.05, (b) x/Xr=0.2, (c) x/Xr=0.4, 
(d) x/Xr=0.6, (e) x/Xr=0.8, (f) x/Xr=1. 
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3.3.9 Growth of the separated shear layer 
The growth of the separated shear layer is typically investigated in terms of the growth of 
the vorticity thickness (δω) (e. g., Hancock, 2000; Agelinchaab & Tachie, 2008). The 
vorticity thickness (δω) is defined as, δω =(Umax-Umin)/
max








y
U
. However, for separated 
flows the growth of the separated shear layer can also be investigated in terms of the 
maximum slope thickness (δms) defined by δms =Umax/
max








y
U
(Cherry et al., 1984). The 
main difference of the maximum slope thickness in contrast to the vorticity thickness is 
the way how Umin is treated inside the separated flow region. In calculations of the 
maximum slope thickness the values of Umin is considered as zero in contrast to the 
calculations of the vorticity thickness. 
In Figure 3.31 the axial variations of maximum slope thickness (δms) for six upstream 
conditions as obtained from present experiment are presented. On the figure, the results 
obtained by Cherry et al. (1984), Ota & Itasaka (1976) and Kiya et al. (1982) for two-
dimensional bluff body placed in uniform upstream flows are also presented. The results 
of Ota & Itasaka (1976) and Kiya et al. (1982) are obtained from Cherry et al. (1984). For 
the present experimental data and the data for two-dimensional bluff bodies the growth 
rate of the separated shear layer (
x
m s


) can be satisfactorily described by a linear 
relationship. However, from the present experimental data, it is observed that increasing 
model height turbulence intensities in the upstream boundary layer flows increases the 
growth rate whereas, upstream turbulence length scales do not significantly affect the 
growth rates of the maximum slope thickness. It is also observed that the present 
experimental data show significantly higher values of the growth rate compared to the 
two-dimensional bluff bodies in uniform upstream flows. The two-dimensional bluff 
bodies show a very similar value of growth rate of the separated shear layer (
x
m s


~0.15) 
to that for plane mixing layer. As reported by Brown & Roshko (1974), the growth rate of 
the separated shear layer for a plane mixing layer is in the range of 0.14-0.22. 
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Figure 3.31: The growth of maximum slope thickness (δms). 
Figure 3.32 shows the axial variations of the vorticity thickness for the present 
experiment with the results of Hancock (2000), Hancock & McCluskey (1997) and 
Castro & Haque (1988) obtained for two-dimensional blunt flat plate with a long splitter 
plate placed in uniform upstream flows. The results of Hancock & McCluskey (1997) are 
obtained from Hancock (2000). It is observed from the results of Hancock (2000) and 
Hancock & McCluskey (1997) that the growth rate of the vorticity thickness (
x
  ) 
shows two distinct regions of different growth rates. Up to an axial location of x=0.7Xr 
the growth rate is very similar to that for a plane mixing layer (
x
  ~0.18) and further 
downstream the growth rate is reduced. The experimental results of Castro & Haque 
(1988) is, however, different form the findings of Hancock (2000) and Hancock & 
McCluskey (1997). Castro & Haque (1988), in uniform and turbulent upstream flows, 
observe that the growth rates of the vorticity thickness is not linear and the authors 
conclude that the complex separated flows should not exhibit the linear, plane mixing 
layer like behavior. However, a series of experimental results for two-dimensional bluff 
bodies in uniform upstream flows in literature with different bluff body geometries 
discussed above, show the similarity of the separated shear layers with plane mixing 
layers at least up to an axial distance of x=0.7Xr from the leading edge. 
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The present experimental results of three-dimensional bluff body in a turbulent boundary 
layer upstream, the growth rate of the vorticity thickness is observed to be higher than the 
plane mixing layer and the growth rate is increased significantly as the model height 
turbulence intensity is increased. However, turbulence length scales in the upstream does 
not significantly affect the growth rates of the vorticity thickness. It is interesting to 
observe that, similar to blunt flat plate with a long splitter plate placed in uniform 
upstream flows, the present experimental results also show two distinct regions of 
different growth rates of vorticity thickness; upstream and downstream of x~0.7Xr. This is 
more prominent for upstream conditions ‘3S’ and ‘3L’. The experimental results of 
Agelinchaab & Tachie (2008) also observe two separate regions where the growth rates 
of the vorticity thickness are different for surface mounted obstacles of different 
geometries. 
Hence, from the above results and discussions it is clear that irrespective of the parameter 
used to investigate the growth rates of the separated shear layer (the vorticity thickness or 
the maximum slope thickness), the growth rate of the separated shear layer for three-
dimensional bluff bodies in turbulent boundary layer flows is linear at least up to an axial 
distance of x=0.7Xr from the leading edge and is significantly higher when compared to 
two-dimensional bluff bodies in uniform upstream flows. 
 
Figure 3.32: The growth of vorticity thickness (δω). 
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3.4 Discussions on the results 
From the results presented for a three-dimensional bluff body placed in turbulent 
boundary layer upstream, it is observed that the mean flows in and around the separation 
bubble are self-similar as the vertical distance from the bluff body surface is normalized 
by the maximum mean thickness of the separation bubble (Tb,max). The mean size of the 
separation bubble is strongly dependent on the model height turbulence intensities (as 
discussed in Chapter 2) and in order to maintain the self-similarity of the mean flow the 
mean thickness of the separation bubble is also reduced. Hence, in the regions of 
separated and reattaching flows the parameter, Tb,max is an appropriate normalizing 
parameter of the vertical distance. Hancock (2000) show that for a two-dimensional blunt 
plate with a long splitter plate, in a range of Reynolds numbers the mean streamwise flow 
at the reattachment point is self-similar when the vertical axis is normalized by the mean 
reattachment length, Xr. This is qualitatively in agreement with the present experimental 
results as it is observed that the ratio of the Tb,max to Xr is approximately constant. 
Unlike the mean flow, the fluctuating flows in the separated shear layer are very sensitive 
to the turbulence properties in the upstream and the most dominant Reynolds stress in the 
separating-reattaching flow region is the streamwise Reynolds stress. Increasing 
turbulence intensities in the upstream significantly increases the streamwise fluctuations 
in the separation bubble. These results are in consistent qualitatively with the results 
obtained for two dimensional blunt plate with a splitter plate (Castro & Haque, 1988) and 
also for the separated shear layers from a circular cylinder (Khabbouchi et al., 2014) . 
Castro & Haque (1988) explains that upstream turbulence increases the velocity 
fluctuations in the separated shear layer by increasing flapping motions of the separated 
shear layer and also by increasing entrainment rates of in the separated flow regions.  
From the present experimental results for three-dimensional bluff bodies in boundary 
layer upstream flows, the vertical Reynolds normal stresses are observed to be very small 
compared to the streamwise Reynolds normal stresses. Similar observations are made in 
the experimental results of Iftekhar & Agelinchaab (2016) and Ren & Wu (2011) for 
forward facing steps. However, as observed by Castro & Haque (1987), for two-
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dimensional blunt plate with splitter plate placed in uniform upstream flows, the vertical 
Reynolds normal stresses are comparable with streamwise Reynolds normal stresses in 
and around the separation bubble. Hence, unlike for surface-mounted obstacles, Reynolds 
normal stresses in both directions are dominant for two-dimensional blunt plates with 
splitter plates placed in uniform upstream flows. 
The experimental results of Castro & Haque (1987) show that vertical locations of the 
maximum velocity fluctuations in the separated shear layer move closer to the surface 
(the splitter plate attached to the blunt plate in this particular case) as the separated flow 
moves towards the reattachment point. However, in addition to the present experimental 
results, the results of Iftekhar & Agelinchaab (2016) and Ren & Wu (2011) for forward 
facing steps and Kiya & Sasaki (1983) for two-dimensional bluff body placed in uniform 
upstream flows reveal that vertical locations of the maximum velocity fluctuations in the 
separated shear layer move away from the surface as the reattachment point is 
approached. These differences in the flow features may be due to the bluff body 
geometry chosen by Castro & Haque (1987). For the blunt plate attached to a long splitter 
plate, as chosen by Castro & Haque (1987), the flow separation occurs at the leading 
edge of the blunt plate and reattaches on the splitter plate a vertical distance below the 
separation point. This geometry shows some similarities with a backward facing step, 
except for a backward facing step a boundary layer separates at the edge of the step. For a 
backward facing step (e. g., Kasagi & Matsunaga, 1995) the locations of maximum 
fluctuation moves closer to the surface as reattachment point is approached. Hence, the 
direction of the separated shear layer can be expected as a function of the bluff body 
geometry. 
The growth of the separated shear layer is observed to be linear for three-dimensional 
surface-mounted bluff body used in the present experiment, which is in consistent with 
the growth of plane mixing layers. The rate at which the separated shear layer grows is 
strongly dependent on model height turbulence intensity and for the present experimental 
results the growth rates are observed to be significantly higher than two-dimensional 
bluff bodies in uniform upstream flows and for plane mixing layer. One of the reasons of 
the differences of present experimental results from the two-dimensional bluff bodies in 
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uniform upstream flows observed in literature is due to the different levels of turbulence 
intensities considered in different experiments.  
The choice of the parameter (vorticity thickness or maximum slope thickness) assessing 
the growth of the separated shear layer affects the results as regions of different growth 
rates are observed when vorticity thickness is considered. However, for the estimation of 
the growth of separated shear layer from the leading edges of sharp-edged bluff bodies, 
the negative values of Umin is more appropriate to neglect as the regions of negative U 
values within the recirculating regions are not really part of the separated shear layer. 
Hence, for the separation bubbles formed on the top surface of the bluff bodies the use of 
maximum slope thickness (δms) can be considered to be more accurate in assessing the 
growth of the separated shear layer. 
3.5 Conclusions 
From the results and the discussions presented above, the following conclusions can be 
drawn: 
➢ The distributions of mean streamwise velocity and mean velocity magnitude in 
and around the separation bubble are essentially self-similar over the range of 
upstream boundary layer conditions. However, the distributions of mean vertical 
velocity components and the Reynolds stresses are not self-similar. 
➢ Increasing the turbulence intensity reduces the mean thickness of the separation 
bubble, whereas the turbulence length scales do not significantly affect it. 
➢ Increasing turbulence intensity in the upstream shrinks the region of maximum 
streamwise velocity fluctuations along the separated shear layer, with highest 
values near the leading edge. 
➢ The magnitudes of streamwise velocity fluctuations along the separated shear 
layer increase with increasing turbulence intensity upstream. However, when 
compared to the fluctuations in the outer flow, velocity fluctuations in the 
separated shear layer is observed to be higher for lower turbulent upstream cases.  
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➢ Reynolds normal stresses in the streamwise direction are the most significant 
Reynolds stress within and around the separated and reattaching flow for surface-
mounted bluff bodies in turbulent boundary layers.  
➢ The growth of the separated shear layer is observed to be linear at least up to an 
axial location of x=0.7Xr from the leading edge. Increasing model height 
turbulence intensity increases the growth rate of the separated shear layer and 
turbulence length scales in the in the upstream do not significantly alter the 
growth rate. 
➢ With increasing turbulence intensities in the upstream the magnitudes of 
convection, production and diffusion terms in the turbulence energy budget 
increases. However, the rate at which these terms reduce to zero far above the 
surface is decreased by increasing turbulence intensities in the upstream. 
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Chapter 4  
4 Effects of boundary layer turbulence on roof-surface 
pressure fluctuations for a three-dimensional prism 
 
4.1 Introduction 
Surface pressure fluctuations occurring on the roof surfaces of low-rise buildings are of 
particular importance as these may cause severe effects on the roof-mounted structures 
(e.g, solar panels) and on the roof structure itself, especially during the extreme wind 
conditions. The fluctuating pressure field on the surface under the separation bubble 
occurs because of the fluctuating flow in the high turbulent recirculation region. Changes 
in turbulence properties in the upstream have significant effects on pressure fluctuations 
and hence, the aerodynamic loads on the surface underneath the separating and 
reattaching flows for two-dimensional bluff bodies (Gartshore, 1973; Hillier & Cherry, 
1981; Saathoff & Melbourne, 1989 and 1997). There have been a number of studies 
addressing this issue for two-dimensional bluff bodies placed in uniform upstream flows.  
Experimental results of Hillier & Cherry (1981) show that, for two-dimensional bluff 
bodies placed in uniform upstream flows, the surface pressure fluctuations under the 
separation bubble are strongly dependent on the free stream turbulence intensity. Similar 
results were found by Kiya & Sasaki (1983b) and Saathoff & Melbourne (1989 and 
1997). It was also observed by Hillier & Cherry (1981) that, despite the independence of 
the mean pressures to free stream integral length scale changes, the fluctuating pressures 
under the separation bubble are strongly dependent on the free stream turbulence length 
scales. The dependence of fluctuating pressures on free stream turbulence intensity and 
integral length scale observed by Saathoff & Melbourne (1997) is presented in Figure 
4.1. The uniform upstream conditions in the experiment of Saathoff & Melbourne (1997) 
consist of smooth and turbulent upstream conditions with two different turbulence length 
scales. The experimental results of Cherry et al. (1984), obtained for two-dimensional 
bluff bodies placed in smooth upstream flow, are also presented in Figure 4.1. The  
102 
 
 
Figure 4.1: Distribution of Cp' under the separation bubble. 
horizontal axis represents the distance from the leading edge normalized by the mean 
reattachment length (Xr). It is observed that the distributions of the standard deviations of 
pressure coefficient (Cp’) under the separation bubble for smooth upstream conditions 
obtained by Cherry et al. (1984) and Saathoff & Melbourne (1997) are in very good 
agreement. For smooth upstream conditions the pressure fluctuations are very low close 
to the leading edge and gradually increase further downstream as the mean reattachment 
point is approached. Increasing turbulence intensity in the upstream increases the 
magnitude of surface pressure fluctuations under the separation bubble by a large extent.  
In addition to this, the location of maximum pressure fluctuations is observed to move 
towards the leading edge. The movement of the location of maximum pressure 
fluctuations towards the leading edge for uniform turbulent upstream conditions are also 
observed by Hillier & Cherry (1981). Hence, for two-dimensional bluff bodies in uniform 
upstream flows, turbulence intensities in the upstream affect the distribution of surface 
pressure fluctuations in two different ways; by increasing the magnitude of pressure 
fluctuations and by shifting the location of maximum pressure fluctuations towards the 
separation point (leading edge).  
It is evident from Figure 4.1 that turbulence length scales in the upstream flow affect the 
surface pressure fluctuations for two-dimensional bluff bodies placed in uniform 
upstream flows by increasing the magnitudes of pressure fluctuations. However, for 
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similar levels of turbulence intensities in the upstream, increasing the turbulence length 
scales do not alter the location of maximum surface pressure fluctuations. Hence, the 
magnitude of surface pressure fluctuations is a combined effect of freestream turbulence 
intensities and length scales, whereas the location of maximum pressure fluctuation is 
only dependent on turbulence intensities in the upstream in these two-dimensional flows. 
In order to formulate the combined effects of turbulence intensity and length scale on 
surface pressure fluctuations at the separation point, Saathoff and Melbourne (1997) 
found a relation of the empirical parameter (first proposed by Taylor (1936) as cited in 
Bearman and Morel (1983)), η = (σ/U)(Lx/D)n , (where σ/U =Iu, is the turbulence 
intensity, n=0.15 and Lx/D is the streamwise turbulence length scale normalized by the 
bluff body thickness). Saathoff and Melbourne (1997) found that the variation of 
fluctuating pressure near separation varies linearly with the empirical parameter (η). 
Bearman (1971) shows that for a square plate, placed normal to the upstream flow the 
correlation to the empirical relation is valid for the turbulent scale exponent of 2. 
Bearman & Morel (1983) suggest that the empirical relation is also a function of the 
thickness of the separated shear layer for a separated flow. 
The mechanisms by which the large magnitude surface pressure fluctuations under two-
dimensional separation bubbles in smooth flow arise have been investigated 
experimentally in many studies. Cherry et al. (1984), Kiya & Sasaki (1983b) and Hillier 
& Cherry (1981) conclude that the primary source of pressure fluctuations on the surface 
under the separation bubble is associated with the convection of shear layer vortices. It is 
well established in literature that separated shear layers from bluff bodies experience 
transition from laminar shear layer to turbulent shear layer. It is observed that the laminar 
shear layer rolls up to form Kelvin-Helmholtz vortices (K-H vortices) short distance 
downstream of the separation point and further downstream from separation, pairing of 
the K-H vortices into larger and stronger vortices occur. The measurements along the 
separated and reattaching shear layer by Kiya & Sasaki (1983a) also reveal the 
incremental size of these vortices as separated shear layer moves downstream from 
separation. Kiya & Sasaki (1983a, 1983b and 1985) show that, near the separation point 
the K-H vortices are primarily responsible for the surface pressure fluctuations. However, 
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as the K-H vortices start to roll up and form stronger vortices further downstream the 
surface pressure fluctuations increase. The stronger vortices also enhance the entrainment 
of higher momentum outer flow into the separated flow which in turn leads the separated 
flow to reattach on the surface (Hillier & Cherry, 1981; Bearman & Morel, 1983; Kiya & 
Sasaki, 1983b). At the reattachment point, comparatively larger and stronger vortices 
impinge on the surface causing higher pressure fluctuation for these two-dimensional 
bluff bodies (Kiya & Sasaki, 1983a and 1985).  
Formation and impingement of vortices is not the only mechanism characterizing the 
surface pressure fluctuations for two-dimensional bluff bodies in uniform smooth 
upstream flows. Kiya & Sasaki (1985) observed that the size of the separation bubble 
increases due to the accumulation of small scale rolled up vortices. When a sufficiently 
large separation bubble is formed, a large vortex is shed from the separation bubble 
causing the separation bubble to reduce in size. This mechanism induces a low-frequency 
flapping motion of the separated shear layer. The existence of these intermittent shedding 
of large scale vortices from the reattachment zone is also observed by Cherry et al. 
(1984). The flapping motion of the separated shear not only affects surface pressures near 
the leading edge, but also the pressures under the entire separation bubble (Kiya & 
Sasaki, 1985). 
Comparatively fewer studies have focussed on the aerodynamic mechanisms by which 
the turbulence properties in the upstream (turbulence intensities and length scales) affect 
the distribution of surface pressure fluctuations (e. g., the increase in magnitude of 
fluctuations, movement of the location of maximum pressure fluctuations closer to the 
leading edge).  Hillier & Cherry (1981) and Bearman & Morel (1983) indicate that the 
possible ways by which the turbulent upstream interacts with the separated flows for two-
dimensional bluff bodies are by promoting the transition of the separated shear layer and 
by influencing the structures present in the separated shear layer. Kiya & Sasaki (1983b) 
reach similar conclusions as they observe increased growth rate of the rolled up vortices 
in the shear layer as turbulence in the upstream is increased. However, the process by 
which the length scales in the upstream influences the magnitude of surface pressure 
fluctuations is not understood. Saathoff & Melbourne (1989 and 1997) speculate that 
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increasing turbulence length scales in the upstream allows more time for the vortex in the 
shear layer to grow both larger and stronger since the larger scales in the freestream 
reduce the high frequency disturbances of the small scale turbulence. The presence of 
these larger and stronger shear layer vortices is responsible for large pressure fluctuations 
on the surface. 
Few studies are found in the literature addressing the effects of turbulence in thick 
boundary layer flows on the surface pressure fluctuations on three-dimensional surface-
mounted bluff bodies. The effects of boundary layer turbulence on surface pressure 
fluctuations on three-dimensional bluff bodies are important to study as this resembles 
the low-rise buildings exposed to highly-turbulent atmospheric surface layers. Due to the 
challenges in controlling the turbulence intensities and turbulence length scales 
independently in an experiment, there is not a complete understanding of the independent 
effects of turbulence intensity and length scale on aerodynamic forces on low-rise 
buildings. Data for a low-rise building model in a simulated atmospheric boundary layer 
(Pratt, 2012) are included in Figure 4.1. These data indicate an even higher magnitude of 
standard deviation of pressure coefficients (Cp’) with peak values even closer to the 
leading edge. The mechanisms of these have not been examined in the literature. 
However, it is worth noting that the model height turbulence intensity and length scale is 
significantly higher in the incident boundary layer considered by Pratt (2012) than the 
uniform upstream flow cases presented in the figure (Figure 4.1). 
Some models, based on the Quasi-Steady (Q-S) theory, have been developed in the 
literature in order to predict surface pressure fluctuations and surface peak pressures. As 
explained by Cook (1990), cited in Richards & Hoxey (2004), the Quasi-Steady theory 
based models predict the peak pressures by taking into account the mean pressures and 
upstream flow conditions. In addition to the upstream velocity field, the elevation angle 
and the azimuth angle of the velocity vectors are also incorporated in the models (e. g., 
Letchford et al., 1993, Richards & Hoxey, 2004; Wu & Kopp, 2016). Even though there 
are several upstream flow parameters included in these models to increase accuracy of 
the Quasi-Steady theory based models, lack of wind tunnel experimental data restricts 
these models to incorporate some simplifications (Richards & Hoxey, 2004). In addition, 
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it is observed that the surface pressure fluctuations cannot be predicted with higher 
accuracy by these models, especially when vortices are present (Banks & Meroney, 
2001b). For example, the predictions of the surface peak pressures by the model 
developed by Richards & Hoxey (2004) show significant dissimilarities with the 
experimental measurements in the regions of separated and reattaching flows. They 
indicate towards the dynamic behavior of the separated flows due to the generation of 
vortices from the leading edge. Incorporating an additional parameter related to the 
strength of the vortices, Banks & Meroney (2001a and 200b) observe an improved 
accuracy of a Quasi-Steady theory based model; however, for a ‘classical’ corner vortex. 
Whereas the importance of the vortices present in the separated flow regions on surface 
pressures has been demonstrated by several researchers, a complete understanding of 
effects of these vortices in relation to surface pressures for three-dimensional surface-
mounted bluff bodies has not been well developed.  
The objective of this chapter is to examine the effects of turbulence intensity and length 
scale in the turbulent boundary layer upstream flows on the surface pressure fluctuations 
for surface-mounted three-dimensional bluff bodies, to identify the key flow parameters 
involved in characterization of surface pressure fluctuations and to investigate the 
responses of these parameters to the turbulence properties in the boundary layer upstream 
flows. Time-Resolved Particle Image Velocimetry measurements of the flow field in and 
around the separation bubble formed on the roof surface of a surface-mounted three-
dimensional bluff body, synchronized with the measurements of surface pressures under 
the separation bubble will be utilized to achieve the above mentioned objectives. A 
detailed description of the upstream conditions, experimental procedures and 
experimental models are provided in section 2.2 of Chapter 2. 
4.2 Surface pressure fluctuations under the separation 
bubble 
In Figures 4.2, 4.3, 4.4 and 4.5 the distribution of the standard deviations of surface 
pressure fluctuations (Cp’) along the roof centreline are presented for Building-1 and 
Building-2, respectively. It is observed that increasing both turbulence intensities and  
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Figure 4.2: Distribution of standard deviation of pressure coefficients (Cp’) along 
roof centreline for Building-1. 
 
 
Figure 4.3: Distribution of standard deviation of pressure coefficients (Cp’) along 
roof centreline for Building-2. 
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Figure 4.4: Distribution of standard deviation of pressure coefficients (Cp’) under 
the separation bubble for Building-1. 
 
Figure 4.5: Distribution of standard deviation of pressure coefficients (Cp’) under 
the separation bubble for Building-2. 
length scales in the incident flow increase the magnitude of surface pressure fluctuations 
while the location of maximum pressure fluctuations moves closer to the separation 
point. These results qualitatively match the results of two-dimensional bluff bodies 
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placed in uniform upstream flows. In Figure 4.2 and Figure 4.3, the horizontal axis, 
representing the distance from the leading edge, is normalized by the model heights (H) 
while in Figure 4.4 and Figure 4.5 the distance from the leading edge is normalized by 
the mean reattachment lengths (Xr). Hence, the differences in the locations of peak 
fluctuations (Cp’max) in Figure 4.2 and Figure 4.3 are the absolute distance, whereas the 
differences in the locations of peak fluctuations (Cp’max) in Figure 4.4 and Figure 4.5 are 
the differences in locations of the peak fluctuations with respect to the mean reattachment 
lengths (Xr). The locations of Cp’max for Building-1 and Building-2 are presented in Table 
4.1 with the magnitudes of the peak fluctuations. It is observed from the table that 
increasing the turbulence intensity in the upstream causes the location of Cp’max to move 
closer to the leading edge (both absolute and with respect to the mean reattachment 
length). This observation is more prominent for Building-2 where the resolution of the 
pressure taps is significantly higher than Building-2. 
Table 4.1: Axial locations of Cp’max. 
Upstream 
condition 
Building-1 Building-2 
 Cp’max 
x/Xr at 
Cp’max 
x/H1 at 
Cp’max 
Cp’max 
x/Xr at 
Cp’max 
x/H2 at 
Cp’max 
1L 0.29 0.29 0.41 0.25 0.50 0.75 
1S 0.21 0.29 0.41 0.22 0.56 0.84 
2L 0.34 0.21 0.22 0.29 0.39 0.43 
2S 0.3 0.21 0.22 0.27 0.37 0.43 
3L 0.61 0.24 0.22 0.5 0.3 0.18 
3S 0.47 0.24 0.22 0.37 0.31 0.20 
 
A very simple form of the Quasi-Steady model described in Holmes (2001) can be 
rearranged to establish a relationship between the turbulence intensity in the upstream 
(Iu), the mean pressure coefficient (Cpmean) and the standard deviation of pressure 
coefficient (Cp’) of the form, Cp’=2IuCpmean. The distributions of Cp’ for the present 
experiments and the predictions of Cp’ by the simple Quasi-Steady model are compared 
in Figure 4.6 and Figure 4.7 for Building-1 and Building-2 respectively. It can be 
observed that the predictions of Cp’ by the simple Quasi-Steady model does not hold for  
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(e) (f) 
 
Figure 4.6: Comparisons of the distributions of Cp' with simple Quasi-Steady theory 
predictions for Building-1 model. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
Figure 4.7: Comparisons of the distributions of Cp' with simple Quasi-Steady theory 
predictions for Building-2. 
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the upstream conditions considered in this experiment. The simple Quasi-Steady model 
sometimes under predicts and sometimes over predicts the magnitudes of Cp’. In addition 
to that, the distribution of Cp’ on the surface under the entire separation bubble cannot be 
predicted by the Quasi-Steady theory of this simple form. The upstream conditions 
considered in the present experiment, in addition to different turbulence intensities, 
consist of different ranges of turbulence length scales. The differences in the 
experimental results from the Quasi-Steady predictions indicate real changes in 
aerodynamic behavior depending on the properties in the incident flow which are not 
accounted for in the simple Quasi-Steady theory based model.  
4.3 Effects of flow parameters on surface pressure 
fluctuations 
In order to better understand the differences discussed in the previous section, the surface 
pressure fluctuations on the roof surface of Building-1 as a function of different flow 
parameters in and around the separation bubble and separation bubble properties were 
investigated in more detail. The results are presented in the following sections. It is 
observed from the figures of Building-1 (presented in the earlier sections) that the 
pressure tap located at x=0.22H1 (pressure tap 2) show the maximum values of pressure 
fluctuations (except for upstream conditions ‘1S’ and ‘1L’) compared to other locations 
where surface pressures were measured. Hence, the pressure tap located at x=0.22H1 will 
be investigated with more emphasis in the following sections. The location of the 
pressure tap chosen for analysis, at x=0.22H1, is a fixed location on the surface which 
varies with respect to the mean reattachment length (Xr) as the mean reattachment length 
was observed to decrease with turbulence intensity in the upstream (Chapter 2). 
In Figure 4.8 the statistical distributions of the suction coefficients normalized by the 
standard deviations the suction coefficients (-Cp/Cp’) recorded over a time period of 
approximately 160s at x=0.22H1 is presented for all six upstream conditions. It is 
observed that for all of the upstream conditions the distributions of -Cp/Cp’ are positively 
skewed. In Table 4.2 the skewness in the distributions of -Cp/Cp’ are presented. 
However, a systematic variation of the skewness with upstream conditions has not been  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
Figure 4.8: Statistical distribution of –Cp/Cp’ at x=0.22H1 for upstream condition (a) 
1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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observed. It is also interesting to observe from Figure 4.8 that increasing turbulence 
intensities increases number of samples -Cp/Cp’ closer to zero. For upstream conditions 
‘3S’ and ‘3L’ even the negative values of -Cp/Cp’ occur (i. e., there are positive 
pressures). 
Table 4.2: Skewness in -Cp at pressure tap 2. 
Upstream Condition 1L 1S 2L 2S 3L 3S 
Skewness in –Cp  0.77 0.95 0.9 0.88 0.98 0.91 
 
4.4 Examination of Separated-Shear-Layer Dynamics 
It was discussed earlier that several researchers have found the flapping motion of the 
separated shear layer affecting the surface pressures under the separation bubble, 
including pressures closer to the leading edge, for two-dimensional bluff bodies in 
uniform smooth upstream flows. In order to investigate the equivalence of this 
phenomenon for three-dimensional surface-mounted bluff bodies in turbulent upstream 
flows, it is necessary to track the movement of the separated shear layer in time, which is 
possible to do with the use of TR-PIV data.  
4.4.1 Identification of the instantaneous positions of the separated 
shear layer 
The instantaneous vertical position of the centre of the separated shear layer is identified 
based on the location of the local maxima of the streamwise velocity gradient in the 
vertical direction. A similar technique was used by Lander et al. (2016) to identify the 
instantaneous position of the shear layer separated at the leading edge of a two-
dimensional square prism. One specific example is shown in Figure 4.9, where the 
identified centre of the separated shear is plotted (black line) along with the instantaneous 
streamlines and contours of streamwise (Figure 4.9(a)) and vertical velocity (Figure 
4.9(b)). It is observed (from an analysis of the full data set) that the location of the centre 
of the separated shear layer up to a streamwise distance of about x ~ 0.4H1 can be 
satisfactorily identified, although there are occasional points that are clear outliers. For 
x> ~ 0.4H1, the method fails to predict the location of the shear layer because of large 
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gradients in the vortex core. However, the location of the particular pressure tap under 
investigation (pressure tap 2, at x=0.22H1), where the maximum surface pressure 
fluctuations are observed, being located within the streamwise range where the separated 
shear layer can be satisfactorily identified, it is possible to investigate the relationships 
between the pressure fluctuations at pressure tap 2 with the movement of the separated 
shear layer above it.  
 
  
(a) (b) 
Figure 4.9: Instantaneous position of the separated shear layer and velocity contours 
of (a) streamwise and (b) vertical velocity components. 
 
4.4.2 Influence of shear layer movement on surface pressures 
In order to understand the relationships between the pressure fluctuations at pressure tap 
2 (at x=0.22H1) with the movement of the separated shear layer above it, the 
conditionally-averaged vertical positions of the separated shear layer based on surface 
pressure coefficients recorded at pressure tap 2 were investigated. In the conditional-
averaging process, the instantaneous pressure coefficients at pressure tap 2 were divided 
in to a number of segments from the minimum value to the maximum value (where the 
width of each segment was set to be 0.1). The vertical positions of the shear layer during 
the occurrences of pressure coefficients within each segment of pressure coefficients 
(<Cp>) were recorded and averaged to identify the conditionally-averaged positions of 
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the separated shear layer. Data for <Cp> ranges where less than 500 velocity data (data 
equivalent to one second of PIV data) were obtained were not included in the analysis (in 
order to obtain a reliable statistics). The results are presented in Figure 4.10. In Figure 
4.10, the 25th and 75th percentiles of the data in each segment are also presented to 
display the variability in the conditionally-averaged pressure coefficients (<Cp>). In the 
figure the vertical axis represents the conditionally averaged positions of the separated 
shear layer with respect to the maximum mean thickness of the separation bubble (Tb,max). 
Figure 4.10 demonstrates that, even though there is a significant variability in the 
positions of the conditionally-averaged shear layer (as observed from the 75th and 25th 
percentiles of the data presented in the figure), during the occurrence of high suctions (i. 
e., low Cp values) the position of the shear layer is observed to be closer to the surface. In 
contrast, the shear layer tends to be further away from the surface during low suction 
events. For upstream conditions ‘2’ and ‘3’ the ranges in which the conditionally-
averaged positions of the separated shear layer vary are observed approximately 0.1Tb,max 
and 0.15Tb,max respectively. For upstream conditions ‘1’ this range is approximately 
0.05Tb,max. Hence, the movement of the separated shear layer is observed to affect the 
surface pressures to some extent. 
 
Figure 4.10: Conditionally averaged positions of separated shear layer at x=0.22H1. 
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It is also worth noting that for higher model height turbulence intensities the positions of 
the separated shear layer tend to be located further away from the surface and turbulence 
length scales in the upstream do not affect the locations of the separated shear layer. 
These differences arise mainly due to the choice of the location (at x=0.22H1) above 
which the positions of the separated shear layer are considered in the analysis. As 
increasing turbulence intensity in the upstream causes reduction in the maximum mean 
thickness of the separation bubble (Tb,max) as well as the mean reattachment length (Xr), 
the location of the pressure tap 2 (x=0.22H1) is closer to the axial location where Tb,max 
occurs for upstream conditions ‘3’ compared to upstream conditions ‘1’ and ‘2’. Hence, 
the positions of the separated shear layer at x=0.22H1 is always closer to Tb,max 
considered for scaling the vertical axis in the figure. 
4.5 Influence of velocity gusts on surface pressure 
fluctuations 
In Figure 4.9(a) and Figure 4.9(b), it is observed that there are regions of high velocity, 
both streamwise and vertical, just outside the separated shear layer near the leading edge. 
The state of the velocity in these regions has the potential to affect the surface pressure 
fluctuations. In order to understand how the upstream turbulence properties interact with 
the separated flow from the leading edge and the formation of surface pressure 
fluctuations the statistical relationships between the outer velocities and the magnitude of 
the surface pressure fluctuations are required to be understood.  
Quasi-Steady models (e. g., Richards & Hoxey, 2004; Banks & Meroney, 2001a and 
2001b) developed to predict the surface pressures on the roof surfaces of surface-
mounted three-dimensional bluff bodies, exposed to a variety of wind directions, the 
effects of velocity fields around the bluff bodies has always been found to produce 
significant effects on surface pressures. However, some studies have correlated the 
velocities at a point far away from the surface (Richards & Hoxey, 2004) whereas some 
studies were found to correlate the velocities at a point closer to the surface (Banks & 
Meroney, 2001a and 2001b). Due to the difficulties involved in experiments, the effects 
of the velocities over a large region closer to the surface and inside the highly turbulent 
separated flow regions have not been developed. As discussed by Hillier & Cherry (1981) 
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and Kiya & Sasaki (1985), the information of the velocity field in a larger region is 
important to understand the effects of velocities on surface pressures. Even though point 
velocity measurement techniques placed within the shear layer (e. g., hot-wire 
anemometry) provide reliable data, at a point instead of over a large region, they tend to 
interact with the separated flow and alter it. From the present experiment, which involves 
Time-Resolved Particle Image Velocimetry measurements of the separated flow, it is 
possible to extract the velocity field information in a larger region around the separated 
flow without altering the flow. The results are presented and discussed in the following. 
At first, the correlations of the velocity fields (streamwise (u), vertical (v) and magnitude 
of velocities (|v|)) with surface pressures at x=0.22H1, 0.4H1 and 0.8H1 (pressure tap 2, 3 
and 4 respectively) are investigated. The distributions of the correlation coefficients of |v| 
around the model with surface pressures at x=0.22H1 are presented in Figure 4.11. The 
distributions of the correlation coefficients of u and v with pressure tap 2 are presented in 
Appendix C (Figures C.1 and C.2) and the distributions of the correlation coefficients of 
|v|, u and v with pressure taps 3 and 4 are presented in Appendix C (Figures C.3 to C.8).  
It is observed (comparing Figure 4.11 with Figures C.1 to C.8 in Appendix C) that |v| 
shows the highest values of correlation coefficients compared to u and v almost 
everywhere in the flow field. However, the vertical velocity component (v) shows the 
weakest correlation with surface pressures for all of the pressure taps, whereas the 
magnitudes of the correlation coefficients of the streamwise velocity component (u) is 
comparable with the correlation coefficients of |v|. It was discussed in Chapter 3 that the 
vertical component (v) of the velocity field is small in magnitude around the separated 
flow and does not contribute much to the velocity magnitude (|v|). Hence, only the effects 
of the velocity magnitudes (|v|) are utilized in the analysis. 
Figure 4.11 reveals that the magnitude of the correlation coefficients of |v| with pressure 
tap 2, is very high close to the leading edge and just outside the mean separating and 
reattaching streamlines. For larger model height turbulence intensities and length scales 
in the approaching boundary layer flows, the magnitudes of the correlation coefficients 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 4.11: Contours of correlation coefficients of |v| with surface pressures at 
x=0.22H1 for upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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increase considerably, from a peak of about 0.45 for upstream condition ‘1S’ to about 0.7 
for ‘3L’. In addition to that, the regions of high correlation coefficients are observed to 
spread over larger areas for larger turbulence intensities and length scales.  
It has been well established in the literature that the surface pressure fluctuations are 
dependent on the velocity fluctuations in a region over the surface instead of a particular 
point (e. g., Kiya & Sasaki, 1985; Hillier & Cherry, 1981). For the present experiment, in 
order to find the region around the flow field, a search was conducted within the flow 
field and the region of the highest value of correlation coefficient of area averaged 
velocity magnitude (|V|A) with surface pressure measurements was identified. The area 
averaged velocity magnitude (|V|A) is defined as,



i
ii
A
A
AV
V
||
|| . Here, |V|i is the 
velocity magnitude around a point i in the flow field, Ai is the small area in between two 
adjacent points. The area averaged velocity in the highly correlated area is expressed as 
|V|CA and this region is observed to be located just outside the shear layer little above the 
leading edge for all six upstream conditions. This region is marked on Figure 4.11(f). For 
cornering wind over a surface-mounted three-dimensional bluff body Banks & Meroney 
(2001a and 2001b) observed the maximum value of the correlation coefficients of 
streamwise velocity (u) with surface pressures to be 0.82 at a vertical location above the 
pressure tap considered in their experiment. For the present experiment the maximum 
value of the correlation coefficient of (|V|CA) with pressure tap 2 was observed to be 0.75 
and the minimum value was observed to be 0.5 for upstream conditions ‘3L’ and ‘1S’ 
respectively.  
The surface pressures recorded at tap 2 (at x=0.22H1) were conditionally-averaged based 
on the area averaged velocity magnitude in the highly correlated region (|V|CA) in order to 
understand the variation of surface pressures with the velocity field around the model. 
The results are presented in Figure 4.12. In the figure |V|CA/Ur,LE is presented along the 
horizontal axis and the vertical axis represents the conditionally-averaged surface 
pressure coefficients (<Cp>) normalized by the corresponding mean pressure coefficients  
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Figure 4.12: Variations of conditionally-averaged pressure coefficients 
(<Cp>/Cpmean) at x=0.22H1 with area-averaged velocity magnitude in the highly 
correlated region (|V|CA/Ur,LE). 
(Cpmean). Hence, any value along the vertical axis is an indication of the deviation of the 
conditionally-averaged pressure coefficients from the mean pressure coefficients. It is 
observed from the figure that for all of the upstream conditions the surface pressures 
equal to the mean pressures (<Cp>/Cpmean =1) occur at a when |V|CA is observed to be 
close to Ur,LE. During the occurrences of |V|CA less than the Ur,LE the surface pressures 
start to show values less than the mean pressures and as |V|CA increases, the surface 
pressures show higher values than Cpmean. Increasing turbulence intensities in the 
upstream gives rise to broader ranges of |V|CA/Ur,LE (this can also be observed from the 
statistical distributions of |V|CA/Ur,LE presented in Figure D.1 in Appendix D) and hence, 
pressures on the surface also deviate from the mean in a broader range giving higher 
values of standard deviations of pressure coefficients. Increasing the turbulence length 
scales increases the range of |V|CA/Ur,LE by a significantly small amount, if at all. Hence, 
the contributions of turbulence length scale in surface pressure fluctuations by altering 
the velocity fields in the highly correlated region are significantly smaller compared to 
the contributions of turbulence intensity in the upstream. 
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A solid line representing the quadratic variation of <Cp>/Cpmean with |V|CA/Ur,LE is 
superimposed on the plots in Figure 4.12. It is observed that the experimental results 
match very well with the quadratic line, except the regions close to extreme ends. Hence, 
the general conjecture that surface pressures vary with square of velocity magnitudes 
hold well for the experimental results. On the figure the 25th and 75th percentiles of 
<Cp>/Cpmean are also plotted to show the amount of scatter present in the data of each 
|V|CA/Ur,LE segment used for conditional-averaging process. The amount of variability 
associated with the data in the segments of |V|CA/Ur,LE higher than 1.5 is considerably 
high. However, the variations in the other segments are observed to be small. One of the 
sources of this variations in the data are the presence of insufficient amount of 
<Cp>/Cpmean samples in each of segments of |V|CA/Ur,LE higher than 1.5. However, the 
variations in the data may also refer to some other dynamics involved in surface pressure 
fluctuations which cannot be explained in terms of fluctuations in the velocity field. 
4.6 Influence of vortices on surface pressure fluctuations 
It is clearly observed from the above results and discussions that even though the gust 
velocities around the bluff bodies have significant effects on surface pressures, velocity 
fluctuations are not the only parameter involved in the process of characterizing the 
surface pressures. This is one of the key reasons the simple Quasi-Steady theory show 
less accuracy to predict the surface pressures on bluff bodies where significant amount of 
body generated effects are present (e. g., in the separated flow regions) (Cook, 1990; as 
cited in Richards & Hoxey, 2004). It is demonstrated in the studies investigating the 
surface pressures of two-dimensional bluff bodies in uniform upstream flows, reviewed 
in the Introduction, that the vortices in the separated shear layer play important role in the 
fluctuations of surface pressures. The experimental results of Banks & Meroney (2001a 
and 2001b), for a classical corner vortex over surface-mounted three-dimensional bluff 
body, also demonstrate the relationship of surface pressures fluctuations with the vorticity 
field above it. Hence, for the present experiment the effects of the vortices present in the 
separated flow and the separation bubble are needed to be investigated in relation to 
surface pressures. 
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As described by Chakraborty et al. (2005), a compelling definition of a vortex is a topic 
of argument. However, Chong et al. (1990) have prescribed a method to effectively 
identify a vortex by using the second eigenvalue of the velocity gradient tensor,
j
i
ij
x
u
u


 . 
In order to identify the vorticity in a turbulent boundary layer, Adrian et al. (2000) 
applied this technique successfully on their PIV data. Similar technique was used in the 
two-dimensional PIV measurements of Taylor et al. (2010) around elongated bluff bodies 
to identify the location of vortices during flutter. For a two dimensional velocity fields, 
the presence of complex eigenvalues of the velocity gradient tensor indicates the swirling 
motion of the fluid about the point, an indication of the presence of a vortex (Taylor, 
2011). As described by Adrian et al. (2000), Zhou et al. (1996) quantified the strength of 
any local swirling motion by the positive complex portion of the eigenvalues of the 
velocity gradient tensor. They defined this as swirling strength, λ. In identification of 
vortices from the vorticity contours, the regions of high shear may show high values of 
vorticity without the presence of a real vortex in the region. However, identification of 
vortices in terms of swirling strength (λ) has been observed to less sensitive to this kind 
of error (Taylor, 2011).  
For the present experiment, a similar technique was applied to identify the vortices 
present in the flow field around the surface-mounted prism. In Figure 4.13 an 
instantaneous contour of the swirling strength (λ) is presented. On the contour plot, 
instantaneous streamlines and the positions of the separated shear layer (yellow lines, up 
to an axial location of x=0.4H1) are superimposed. It is observed that most of the vortices 
are associated with the instantaneous position of the separated shear layer. 
From the investigations on the time series of the full set of data, for all six upstream 
conditions, it was visually observed that high swirling strength contours are present at the 
leading edge and convect downstream. Lander et al. (2016) have shown that turbulence 
originating at the stagnation streamline causes a by-pass transition of the turbulence at the 
leading edge of the separated shear layer, as speculated by Gartshore (1973). This leads 
to distinct turbulent vortices already present in the shear layer at the leading edge, rather  
124 
 
 
Figure 4.13: Instantaneous contour of swirling strength and the position of the 
separated shear layer. 
than the Kelvin-Helmholtz vortices which form in a separated shear layer generated in 
smooth flow. It was also observed that pressure fluctuations are related to the vortices 
present in the separated flow.  
In Figure 4.14, the contours of correlation coefficients of surface pressures at pressure tap 
2 with λ are presented for all six upstream conditions. The contours of correlation 
coefficients of surface pressures at pressure tap 3 and 4 with λ are presented in Figure C.9 
and Figure C.10 (in Appendix C). It is observed that the magnitudes of the correlation 
coefficients are very small, especially when compared to the correlation coefficients of 
velocity magnitudes (|V|). However, when the area averaged swirling strengths were 
considered, the magnitudes of the correlation coefficients increased significantly.  
Area-averaging of the swirling strength was performed in the similar manner of area-
averaging of the velocity magnitudes discussed in the previous section. The area 
averaged swirling strength can be defined as, 



i
ii
A
A
A
 . Here, λi is the swirling 
strength at point i in the velocity field and Ai is the small area in between two adjacent  
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Figure 4.14: Contours of correlation coefficients of λ with surface pressures at 
x=0.22H1 for upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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points. The search for the best correlated area within the flow field reveals that as the area 
from the leading edge towards the mean reattachment point is increased the magnitude of 
correlation coefficients of λA with surface pressures is also increased significantly. The 
maximum value of the correlation coefficients, for each of the upstream conditions, were 
found when the total area from the leading edge to the mean reattachment point, 
vertically bound by the maximum thickness of the mean separation bubble, was 
considered in the area-averaging process. The area-averaged swirling strength in this 
highly correlated area is denoted by λCA. This region is marked on Figure 4.14(f). The 
maximum value of the correlation coefficient of λCA with surface pressures at tap 2 was 
recorded to be around 0.56 for upstream condition ‘3L’ and the minimum value was 
observed to be 0.38 for upstream condition ‘1S’. These values of correlation coefficients 
are significantly higher than the value when a small area around pressure tap 2 was 
considered. For example, for upstream condition ‘3L’, an area of 0.2H1x0.1H1 in the 
separated shear layer region above pressure tap 2 shows the correlation coefficient of 
about 0.32 (about 43% smaller than the maximum value reported earlier). Hence, the 
pressures on a particular location on the surface under the separation bubble are 
correlated with the total swirling strength present within the separation bubble, not only 
by the local swirling strength. In further analysis of the dependence of surface pressures 
on swirling strength, area averaged swirling strengths within the highest correlated area 
(λCA) are considered. 
In order to better understand the variations of surface pressures at tap 2 with λCA, surface 
pressure coefficients normalized by corresponding mean pressures (<Cp>/Cpmean) were 
conditionally-averaged based on λCA. The results are shown in Figure 4.15 along with the 
25th and 75th percentiles of the data. The figure reveals that for most of the upstream 
conditions the values of <Cp> equals Cpmean for a value of λCA very close to 1, except for 
upstream condition ‘3S’. Increments in the values of λCA from 1, increases the deviation 
of <Cp> from Cpmean. Also, a reduction in the values of λCA causes increment in the 
deviation of <Cp> from Cpmean; however, in the opposite direction. Hence, the 
fluctuations in surface pressures are observed to be strongly affected by λCA. Increasing 
turbulence intensities in the upstream increases the range of λCA (this can also be 
observed from the statistical distributions of λCA presented in Figure 4.16), particularly in  
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Figure 4.15: Variations of <Cp>/Cpmean at x=0.22H1 with area-averaged swirling 
strength in the highly correlated region (λCA). 
the higher end of λCA, and hence, the pressure fluctuations also increase. This indicates 
that higher turbulence intensities in the upstream forms stronger vortices inside the 
separated flow regions and these stronger vortices contribute to the surface pressure 
fluctuations. These findings are in consistent with the speculations of Kiya & Sasaki 
(1983b). 
4.7 Combined effects of both velocity gust and vortices on 
surface pressure fluctuations 
It has been observed in the previous sections that the surface pressures at pressure tap 2 
(x=0.22H1) are strongly dependent on the area averaged velocity magnitudes (|V|CA/Ur,LE) 
outside the separated shear layer and the area averaged swirling strength (λCA) under the 
mean separation bubble. However, in the previous sections the individual effects of 
|V|CA/Ur,LE and λCA were investigated in detail. It can be observed from Table 4.3 that 
|V|CA and λCA show satisfactory correlations for all upstream conditions. It is understood 
that the combined effects of |V|CA and λCA play role in characterization of surface 
pressures.  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
Figure 4.16: Statistical distributions of λCA with surface pressures at x=0.22H1 for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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Table 4.3: Correlation coefficients of |V|CA/Ur,LE with λCA. 
Upstream 
Condition 
Correlation Coefficients of 
|V|CA/Ur,LE and λCA 
1L 0.50 
1S 0.46 
2L 0.50 
2S 0.51 
3L 0.61 
3S 0.61 
 
In order to understand the combined effects of |V|CA/Ur,LE and λCA on surface pressure 
fluctuations, the surface pressures (<Cp>/Cpmean) recorded at pressure tap 2 were 
conditionally-averaged based on both |V|CA/Ur,LE and λCA. The contour plots of 
conditionally-averaged <Cp>/Cpmean based on both |V|CA/Ur,LE and λCA are presented in 
Figure 4.17. It is observed that at lower values of |V|CA/Ur,LE and λCA the magnitudes of 
<Cp>/Cpmean are lower and increasing magnitudes of both |V|CA/Ur,LE and λCA increases 
the magnitudes of <Cp>/Cpmean. However, there are some regions which do not follow 
this trend. It is observed that in these regions the number of samples is very low to obtain 
reliable statistics. 
The variation of <Cp>/Cpmean with |V|CA/Ur,LE for upstream conditions ‘3S’ and ‘3L’ are 
presented in Figure 4.18 and Figure 4.19 respectively. Results of two different levels of 
λCA (0.9 and 1.8) are shown on the plots and the 25th and 75th percentiles in the 
conditionally-averaged <Cp>/Cpmean data are also presented in order to demonstrate the 
levels of variations present in the data. These figures more clearly reveal the effects of 
both |V|CA/Ur,LE and λCA on <Cp>/Cpmean discussed in the earlier sections. For similar 
levels of |V|CA/Ur,LE, a change in the magnitudes of λCA causes <Cp> to deviate from the 
Cpmean. Similar observations as Figure 4.18 and Figure 4.19 were observed for all six 
upstream conditions considered in this experiment.  
As, similar observations were observed for all of the upstream conditions, Figure 4.20 
was plotted taking into account the results of all six upstream conditions for two different 
levels of λCA (0.9 and 1.8). The variations of <Cp>/Cpmean with |V|CA/Ur,LE, for both the  
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(a) (b) 
  
(c) (d) 
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Figure 4.17: Variation of <Cp>/Cpmean with both |V|CA/Ur,LE and λCA for upstream 
conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. The contours indicate the 
levels of <Cp>/Cpmean. 
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Figure 4.18: Variation of <Cp>/Cpmean with |V|CA/Ur,LE at two different levels of λCA 
for upstream condition 3S. 
 
Figure 4.19: Variation of <Cp>/Cpmean with |V|CA/Ur,LE at two different levels of λCA 
for upstream condition 3L. 
levels of λCA, are observed to be satisfactory described by quadratic equations. Even 
though there is a considerable amount of variability present in the dataset (as observed 
from the 25th and 75th percentiles of the datasets presented in the figure), there is a 
convincing trend that a change in λCA is responsible for a deviation of <Cp> from Cpmean. 
The best fit quadratic curve for both the levels of λCA are observed to be parallel for most 
of the |V|CA/Ur,LE range and they are observed to be separated by a value of <Cp>/Cpmean 
~ 0.2. From the above analysis, it has been convincingly demonstrated that both velocity 
fields outside the separated shear layer and swirling strengths in the separated flow 
produce significant effects on surface pressure fluctuations.  
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Figure 4.20: Variation of <Cp>/Cpmean with |V|CA/Ur,LE at two different levels of λCA 
for all six upstream conditions. 
4.8 Discussions on the findings 
From the results presented in the sections above it has been established that for three-
dimensional bluff bodies exposed to turbulent boundary layer flows the surface pressure 
fluctuations are strongly dependent on both turbulence intensities and length scales. The 
mechanisms by which turbulence intensities and length scales influence surface pressure 
fluctuations are different. Comparing these results with the results obtained for two-
dimensional bluff bodies in uniform smooth and uniform turbulent upstream flows in 
different studies, it can be understood that some mechanisms involved in the process of 
surface pressures fluctuations are similar and some mechanisms are different. The results 
obtained from the present experiment are discussed below. Comparisons with the features 
of two-dimensional separated and reattaching flows placed in uniform upstreams 
(discussed in Introduction with appropriate references) are also made. 
For two dimensional bluff bodies in uniform upstream flows, the presence of Kelvin-
Helmholtz vortices in the separated shear layer are observed to be rolled up and 
eventually these vortices are paired to form larger eddies. These eddies are responsible 
for surface pressure fluctuations near the reattachment point. Turbulence intensities in the 
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upstream causes the separated shear layer to become turbulent at shorter distance from 
the leading edge compared to smooth upstream flows. However, for considerably higher 
turbulent upstream conditions, Lander et al. (2016) clearly demonstrates that the 
transition to turbulent shear layer occurs very close to leading edge that it appears to be 
turbulent right at the leading edge. The present experiment involves turbulent boundary 
layer upstream conditions with model height turbulence intensities ranging from 13% to 
28% for Building-1 (used for PIV measurements). For the present experiment the 
presence of the turbulent eddies were observed to be generated from very close to the 
separation point as the separated shear layer is turbulent very close to the leading edge. 
These turbulent eddies are responsible for surface pressure fluctuations very close to the 
leading edge. This contrasts the flows over two-dimensional bluff bodies in smooth 
upstream flows where the large pressure fluctuations are observed further away from the 
leading edge.  
The simple Quasi-Steady theory fails to predict the surface pressure fluctuations closer to 
the leading edge, in the regions of separated flow, due to the presence of the vortices 
generated from the leading edge. It has been demonstrated in the results that the strength 
of these vortices (swirling strength is used a measure of the strength of the vortices here) 
can alter the surface pressures to a great extent. However, it has also been shown that the 
contributions of the velocity fields outside the separated shear layer is also an important 
parameter to consider in characterizing surface pressure fluctuations near the leading 
edge. 
Upstream turbulence intensities cause earlier transition of the separated shear layer to 
turbulence, for two-dimensional bluff bodies in uniform upstream flows, and also 
contribute to gaining strength of the vortices present in the separated shear layer 
responsible for high pressure fluctuations. In contrast, for three-dimensional bluff bodies 
in turbulent boundary layer flows, as the separated shear layer is turbulent from the 
leading edge, increased turbulence intensities are observed only to increase the strength 
of the vortices. However, turbulence intensities also increase the correlation of the 
velocity fields around the shear layer with surface pressures. The effects of turbulence 
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length scales on the velocity fields and vortices in the separation bubble and could not be 
explained clearly from the present experiment. 
The onset of turbulence very close to the leading edge is observed to have significant 
influence in surface pressure fluctuations closer to the leading edge. The turbulence along 
the stagnation streamline is responsible for the shear layer to be turbulent at the leading 
edge (Lander et al., 2016). Hence, the turbulence properties along the stagnation 
streamline on the front face of the surface-mounted three-dimensional bluff bodies in 
relation to the vortices present in the separated shear layer is required to be studied with 
greater emphasis to better understand the mechanisms by which the free stream 
turbulence properties affects surface pressures closer to the leading edge. This remains a 
topic of further study. 
In the conditional-averaging to investigate the combined effects of area averaged velocity 
magnitudes (|V|CA/Ur,LE) and swirling strength (λCA) on surface pressure fluctuations     
(e. g., Figure 4.20), data in the extreme ends of both |V|CA/Ur,LE and λCA were excluded 
from analysis because of the presence of significantly fewer amounts of data to obtain 
reliable statistics. However, the number of data excluded from analysis was calculated to 
be less than 0.5% of the total data and were assumed not to affect the overall trend of the 
results. There exist very few amounts of very extreme surface pressures in the datasets 
excluded from analysis. These extreme events of surface pressures are very rare events 
and are not responsible to determine overall pressure fluctuations on the surface (Kiya & 
Sasaki, 1985); however, one practical implication of these extreme low pressure events is 
triggering failure of the roofs of low-rise buildings. 
Examples of the conditionally-averaged fluctuating vector fields (<u’> and <v’>) based 
on the surface pressures recorded at pressure tap 2 during the occurrences of -Cp/Cp’ ~ 
5.5 and -Cp/Cp’~ 10 (very high suction) for upstream condition ‘3L’ and ‘1S’ 
respectively along with the contours of <|V|/Ur,LE> are presented in Figure 4.21(a) and 
Figure 4.21(b). On Figure 4.22(a) and Figure 4.22(b) the contours <λ> are presented for 
the same two upstream conditions. During these peak events considered at x=0.22H1, 
there exists a rotating system (in clockwise sense) in the separated flow region with very 
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high curvature positioned on the location of the pressure tap (at x=0.22H1). It is also 
observed that just upstream of the rotating system the velocity fields are also very high in 
magnitude. These magnitudes are higher for upstream condition ‘3L’compare to ‘1S’. 
The contours of high magnitudes of swirling strength are also observed around pressure 
tap. Hence, these extremely rare high suction events are affected by localized events. The 
mechanism by which these extreme events are influenced by the turbulence properties in 
the upstream requires further attention due to its important practical implications 
discussed above. 
  
(a) (b) 
Figure 4.21: Fluctuating velocity vector field (<u’> and <v’>) and contour of 
<|V|/Ur,LE> during extremely high suctions at x=0.22H1 for upstream conditions (a) 
3L and (b) 1S. 
  
(a) (b) 
Figure 4.22: Fluctuating velocity vector field (<u’> and <v’>) and contour of <λ> 
during extremely high suctions at x=0.22H1 for upstream conditions (a) 3L and (b) 
1S. 
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4.9 Conclusions 
In this chapter, the influence of turbulence properties in the upstream flows on surface 
pressure fluctuations for surface-mounted three-dimensional bluff bodies are examined in 
detail. The key parameters involved in characterizing the surface pressures are 
investigated and the responses of these parameters to turbulence properties in the 
upstream are also studied. From the results and discussions presented in the preceding 
sections following conclusions can be drawn- 
➢ Surface pressure fluctuations for three-dimensional bluff bodies exposed to 
turbulent boundary layer upstreams are sensitive to turbulence intensities and 
length scales in the incident flow. Increasing length scales in the upstream flow 
increases the magnitude of surface pressure fluctuations as shown by Saathoff & 
Melbourne (1997). In addition, increasing turbulence intensities in the upstream 
flow causes the location of maximum pressure fluctuations to move closer to the 
separation point (leading edge). This phenomenon is qualitatively similar to the 
results obtained for two-dimensional bluff bodies in uniform upstream flows 
(Hillier & Cherry, 1981; Saathoff & Melbourne, 1997). However, for three-
dimensional bluff bodies in turbulent boundary layer flow, the location of 
maximum surface pressure fluctuations are observed to occur closer to the leading 
edge. This appears to be more of a function of turbulence intensity than the scale 
of turbulence. 
➢ The positions of the separated shear layer closer to the leading edge, for surface-
mounted three-dimensional bluff bodies, is observed to produce some effects on 
the surface pressure close to the leading edge. 
➢ Surface pressure fluctuations near the leading edge are observed to be highly 
correlated with the streamwise component of the velocity just outside the 
separated shear layer. This correlation increases with increased turbulence 
intensity and length scale in the approach flow. The vertical component of the 
velocity field is observed to be poorly correlated with pressure fluctuations close 
to the leading edge. 
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➢ The area-averaged swirling strength (a measure of vortex strength) in the area 
comparable with the size of the mean separation bubbles is observed to show 
satisfactory correlation with surface pressure fluctuations. Hence, not only the 
local vortices, but also the vortices present in the whole separation bubble are 
observed to influence the surface pressure fluctuations. In contrast, individual, 
local shear layer vortices are less related to the surface pressure fluctuations, 
which is distinct from the findings of Saathoff & Melbourne (1997) for two-
dimensional bluff bodies in uniform, turbulent flow. 
➢ Overall, higher turbulence intensities in the upstream affects surface pressure 
fluctuations by inducing higher ranges of velocity fluctuations in the regions 
outside the separated shear layer and also by increasing the strengths of the 
vortices inside the separation bubble. 
➢ Extreme high suctions are observed to be very rare events which do not 
significantly contribute to the surface pressure fluctuations. A localized rotating 
system of flow with very high curvature associated with magnitudes of velocity 
outside the shear layer is observed during these extreme high suction events. 
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Chapter 5  
5 Conclusions and Recommendations 
 
5.1 Conclusions 
The general objective of the thesis is to develop a better understanding of the effects of 
turbulence in upstream boundary layer flows on separating-reattaching flows over 
surface-mounted three-dimensional bluff bodies (resembling low-rise buildings) and the 
resulting roof surface pressures (both mean and fluctuating). Several key features of the 
flow fields and the surface pressures of surface-mounted bluff bodies have been studied. 
Detailed investigations on the effects of turbulence intensity and length scale on mean 
reattachment lengths, mean surface pressures, mean flow fields, fluctuating flow fields 
and surface pressure fluctuations have been performed. The dominant flow parameters in 
the separating and reattaching flows, along with several key flow characteristics 
responsible for surface pressure fluctuations have been identified and examined as 
functions of turbulence properties in the upstream. Quantitative and qualitative 
comparisons of the present experimental results with the results for two-dimensional 
bluff bodies in uniform upstream flows were made where applicable. Time-Resolved 
Particle Image Velocimetry measurements, synchronized with surface pressure 
measurements, have served as a useful tool in achieving the objective. The major 
conclusions deduced from the analysis of the experimental data are presented below. 
In Chapter 2, the mean reattachment lengths and the mean surface pressures in relation to 
the turbulence intensity and length scale were investigated. The location of the stagnation 
point on the front (windward) surface of the surface-mounted three-dimensional body is 
unaffected by the turbulence parameters in the upstream. Reductions in the mean 
reattachment lengths were observed as for increased values of turbulence intensity. In 
contrast, turbulence scales in the upstream were found not to alter the mean reattachment 
lengths, over the range examined. However, it was speculated that for significantly larger 
turbulent scales in the upstream for similar turbulence intensities, not examined in the 
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present experiments, integral scales in the upstream may alter the mean reattachment 
lengths. The distributions of reduced pressure coefficients (Cp*) under the mean 
separation bubble are observed to be a function of mean reattachment length and 
turbulence intensity in the upstream, and are, therefore, not universal. Based on the 
present experimental results and utilizing the mean pressure data along the roof-
centerline from the NIST database for a number of low-rise buildings (Ho et al. 2005), a 
method of estimating the mean reattachment lengths on the roof of low-rise buildings 
(surface-mounted three-dimensional bluff bodies) from measured surface pressures and 
roof height turbulence intensity is proposed. 
Detailed investigations of the mean and fluctuating flow fields in and around the 
separation bubble formed on the roof surface for one bluff body were made in Chapter 3. 
The results of the mean reattachment lengths obtained in Chapter 2 were used to 
demonstrate the similarity of the mean velocity field of the mean separation bubbles 
formed on the top surface of the surface-mounted three-dimensional bluff bodies under a 
variety of boundary layer upstream conditions. It is observed that, whereas the 
distributions of mean streamwise velocities in and around the separation bubbles show 
self-similarity, neither the fluctuating flow field (Reynolds stresses) or the mean pressure 
field (chapter 2) are self-similar. The magnitudes of Reynolds stresses in the separated 
shear layer increase with upstream turbulence intensity. The streamwise Reynolds normal 
stress is the most dominant of the Reynolds stresses in the separated flow region. 
The effects of upstream turbulence on the distributions of the fluctuating pressures under 
the separation bubble were studied in Chapter 4. The effects of both turbulence intensity 
and length scale were observed to be present in the surface pressure fluctuations. Similar 
to two-dimensional bluff bodies in uniform upstream flows, an increment in turbulence 
intensity is observed to increase the magnitudes of pressure fluctuations and cause the 
location of maximum fluctuations to occur closer to the leading edge. Surface pressure 
fluctuations are observed to be highly correlated with the streamwise velocity outside the 
separated shear layer and with the area-averaged swirling strength within the whole 
separation bubble. These findings are distinct from the findings of Saathoff & Melbourne 
(1997) for two-dimensional bluff bodies in uniform upstream flows, where they observe 
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the effects of only local vortices on surface pressure fluctuations. Increased turbulence 
intensity in the upstream alters surface pressure fluctuations by increasing the strengths of 
the vortices inside the separation bubble and also by increasing fluctuations in the 
velocity field outside the separated shear layer. However, the mechanisms whereby the 
turbulence length scales alter the velocity field and vortices in the separation bubble and 
could not be explained from the present experiments. 
5.2 Recommendations for future work 
Based on the analysis, results and understanding from the present study, the following 
recommendations for future work can be made: 
➢ The resolution of velocity vectors the PIV data in the current was 0.02H1. Certain 
portions of the analysis presented in this thesis involve the velocity gradients (e.g., 
swirling strength). Experiments with a higher resolution of the PIV data is 
required to be performed in order to achieve better details of the flow field right 
near the leading edge separation point. This will improve the tracking of the 
movements of the separated shear layer and shear layer vortices near the leading 
edge. 
➢ An improved algorithm is necessary to track the positions of the separated shear 
layer at distances further away from the leading edge, notwithstanding that the 
current analysis may suggest that the definition of the separated shear layer has 
little meaning beyond x/Xr ~ 0.5. 
➢ The separation bubble is three-dimensional, as is turbulence generally. For 
example, Kiya & Sasaki (1983) observed correlations of the surface pressures 
with the transverse velocity component. The use of conventional two-dimensional 
PIV measurements cannot reveal the three-dimensional features of the separation 
bubbles. To understand the effects of the transverse velocity component on 
surface pressures, stereoscopic PIV measurements of the surface pressures would 
be necessary. There are significant challenges with this in large boundary layer 
wind tunnels which would need to be resolved. 
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➢ Swirling strength is an indirect measurement of the vortices in a flow. A better 
estimate of the strengths of the vortices present in the separation bubble (e.g., an 
improved measure of circulation) is required to be employed in order to achieve 
more accurate information about the vortices. 
➢ Lander et al. (2016) observe the presence of the turbulent eddies at the onset of 
separation as a result of turbulence originating along the stagnation streamline. To 
better understand the effects of turbulence on the shear layer vortices, 
investigations of the flow features along the stagnation streamline would be 
necessary. 
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Appendices 
Appendix A: Measurement Uncertainties 
The measurement uncertainties embedded within the measurements of pressure 
coefficients referenced to the roof-height (Cp) are calculated and presented below. 
A.1 Uncertainties in the measurements of Cpref 
The pressure coefficients referenced to the roof-height is defined by the following 
equation- 
Pressure coefficient referenced to roof-height, RCp
V
V
CpCp ref
H
R
ref 






2
             (A.1) 
Here, Cpref is the pressure coefficient referenced to the reference height, VR is the velocity 
at the reference height, VH is the velocity at the roof-height and R is the velocity ratio 
squared. It is observed that Cp depends on Cpref and velocity ratio, 
2


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



H
R
V
V
R . Hence, 
the overall uncertainty in the measurement of Cp is, 
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Here, TCp is the uncertainty in the measurement of Cp, TCpref is the uncertainty in the 
measurements of Cpref and TR is the uncertainty in the measurements of R. Quiroga 
(2006) assessed the uncertainties in the measurement of pressure coefficients referenced 
to the roof-height (Cp) on models placed in the high speed test section of the Boundary 
Layer Wind Tunnel-II at the University of Western Ontario. In the analysis of the 
uncertainties, Quiroga (2006) considered the uncertainties from each of the components 
associated with pressure measurement system in order to estimate the uncertainties in the 
measurements of pressure coefficients referenced to the reference height (Cpref). 
Incorporating these results with the uncertainties in the velocity measurements by two 
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single-wire hot-wire, the uncertainties in the measurements of pressure coefficients 
referenced to the roof-height (Cp) were estimated. It was observed that the uncertainties 
in the pressure coefficients referenced to the roof-height (Cp) were dominated by the 
uncertainties associated with the velocity measurements. Hence, it was recommended by 
Quiroga (2006) that the velocity measurements are needed to be resolved with lower 
uncertainties in order to estimate Cp with greater accuracy. The measurement system of 
Cpref for the present experiment being the same as Quiroga (2006), the uncertainties 
related to Cpref for the present experiment is considered as measured by Quiroga (2006). 
However, the measurements of the velocity profiles, in order to find the velocity ratio 
(R), were taken by means of a Cobra probe (TFI, Model No. 900311). Quiroga (2006) 
observed the uncertainty of Cpref as ±0.07Cpref. Hence, TCpref=±0.07Cpref. This value was 
used in the calculations of uncertainty in Cp. 
A.2 Uncertainties in the measurements of velocity by Cobra probe 
In order to estimate the uncertainties associated with the velocity measurements, the 
performance of the cobra probe used in this experiment was assessed in a separate 
experiment by comparing with a pitot tube in the range of velocities considered in the 
original experiment. In the performance assessment experiment of the Cobra probe, 
Cobra probe readings were sampled at 1250Hz for approximately 30s for 11 different 
wind tunnel speeds. In order to account for the error due misalignment of the cobra probe 
during the experiments of velocity profile measurements, the cobra probe in the 
uncertainty test experiment was intentionally  placed at an angle of approximately 15°. 
However, during the velocity profiles measurements the cobra probes were set aligned 
with the flow by visual inspection. From the cobra probe readings and comparing with 
the pitot tube readings the bias limit, the precision limit and total uncertainties in the 
velocity measurements by the cobra probe was calculated for each of the 11 performance-
test cases considered. The number of samples for each of the test cases being larger than 
30, in the calculation of precision limits for the cobra probe the value of ‘t’ was 
considered to be 1.96. In the following table (Table A.1) the uncertainties associated in 
the velocity measurements by the cobra probe are presented. Here, B is the bias limit and 
P is the precision limit. 
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Table A.1: Uncertainties in velocity measurements by cobra probe. 
Pitot tube 
reading (m/s) 
Cobra probe 
reading 
(m/s) 
Total uncertainty 
(m/s) 
  



 
2/122 PBT  
 
% error 
5.29 5.30 0.10 1.87 
6.59 6.52 0.12 1.86 
7.37 7.32 0.14 1.96 
8.23 8.21 0.12 1.45 
9.01 9.01 0.13 1.52 
10.35 10.12 0.28 2.76 
11.07 10.80 0.33 2.99 
11.79 11.51 0.33 2.81 
12.35 12.09 0.32 2.65 
13.02 12.82 0.29 2.27 
14.19 13.98 0.33 2.33 
It is observed that even at a misalignment angle equal to 15°, the maximum uncertainty in 
the velocity measurement that the cobra probe shows is less than 3% and the uncertainties 
are significantly lower at velocities less than 10 m/s. However, in the calculations of 
uncertainties in the measurements of Cp (TCp ) and R (TR), the value of 3% uncertainty in 
the velocity measurements is used.  
A.3 Uncertainties in the measurements of velocity ratio (TR) and Cp 
Velocity ratio was defined in the previous section as, 
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Here, TVR=3% of VR and TVH=3% of VH. VR and VH were obtained from the velocity 
profiles measured by the cobra probes. Using these values in Eq. (A.3), the values of TR 
were obtained. Now, using the values of TCpref, R, Cpref and TR in Eq. (A.2), the overall 
148 
 
maximum uncertainties in the measurements of TCp is obtained for each of the six 
upstream conditions considered in this experiment. For each of the six upstream 
conditions, the maximum observed values of Cpref is considered in order to estimate the 
maximum uncertainties associated with the measurements of Cp. The results are 
presented in Table A.2 and Table A.3. 
Table A.2: Uncertainties in the measurements of velocity ratio (R). 
Upstream 
Condition 
VR TVR VH TVH 
R 
(VR/VH)
2 
Max. 
TR 
1S 10.34 0.31 6.81 0.20 2.30 0.195 
1L 10.03 0.30 7.97 0.23 1.58 0.134 
2S 10.92 0.32 6.62 0.19 2.71 0.230 
2L 10.34 0.31 7.45 0.22 1.92 0.163 
3S 10.99 0.32 5.74 0.17 3.65 0.310 
3L 10.90 0.32 5.73 0.17 3.61 0.306 
 
Table A.3: Uncertainties in the measurements of Cp (TCp). 
Upstream 
Condition 
Max. 
 Cp 
(suction) 
Max. 
Cpref 
Max. 
TCpref 
Max. 
TCp 
(absolute) 
Max. 
TCp 
(%) 
1S 0.93 0.17 0.012 0.044 4.78 
1L 1.04 0.41 0.03 0.072 6.95 
2S 1.02 0.13 0.009 0.041 4.04 
2L 1.07 0.29 0.02 0.06 5.71 
3S 1.11 0.08 0.0058 0.033 3.00 
3L 1.30 0.10 0.007 0.039 3.04 
 
It is observed that the maximum uncertainty in the measurement of pressure coefficients 
referenced to the roof-height is 6.95%. 
Reference: Quiroga Diaz, P. S. 2006 Uncertainty analysis of surface pressure 
measurements on low-rise buildings. Master’s thesis, The University of Western Ontario. 
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Appendix B: Velocity Profiles 
 
(a) (b) (c) 
 
(d) (e) (f) 
Figure B.1: Vertical profiles of U/Ur at (a) x/Xr=0.05, (b) x/Xr =0.2, (c) x/Xr =0.4, (d) 
x/Xr=0.6, (e) x/Xr =0.8, (f) x/Xr =1. Here the vertical distance is normalized by model 
height (H1). 
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(a) (b) (c) 
 
(d) (e) (f) 
Figure B.2: Vertical profiles of |V|/|V|r at (a) x/Xr=0.05, (b) x/Xr =0.2, (c) x/Xr =0.4, 
(d) x/Xr=0.6, (e) x/Xr =0.8, (f) x/Xr =1. Here the vertical distance is normalized by 
model height (H1). 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure B.3: Vertical profiles of 𝒖′𝒖′̅̅ ̅̅ ̅̅ /(𝒖′𝒖′̅̅ ̅̅ ̅̅ )r at (a) x/Xr=0.05, (b) x/Xr =0.2, (c) x/Xr 
=0.4, (d) x/Xr=0.6, (e) x/Xr =0.8, (f) x/Xr =1. Here the vertical distance is normalized 
by model height (H1). 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure B.4: Vertical profiles of 𝒗′𝒗′̅̅ ̅̅ ̅/(𝒗′𝒗′̅̅ ̅̅ ̅)r at (a) x/Xr=0.05, (b) x/Xr =0.2, (c) x/Xr 
=0.4, (d) x/Xr=0.6, (e) x/Xr =0.8, (f) x/Xr =1. Here the vertical distance is normalized 
by model height (H1). 
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(a) (b) (c) 
 
 
(d) (e) (f) 
Figure B.5: Vertical profiles of 𝒖′𝒗′̅̅ ̅̅ ̅/ (𝒖′𝒗′̅̅ ̅̅ ̅)r at (a) x/Xr=0.05, (b) x/Xr =0.2, (c) x/Xr 
=0.4, (d) x/Xr=0.6, (e) x/Xr =0.8, (f) x/Xr =1. Here the vertical distance is normalized 
by model height (H1). 
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Appendix C: Correlation coefficients of velocities and λ with 
surface pressures 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
Figure C.1: Contours of correlation coefficients between -Cp at x/H1=0.22 and u for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.2: Contours of correlation coefficients between -Cp at x/H1=0.22 and v for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.3: Contours of correlation coefficients between -Cp at x/H1=0.4 and |v| for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.4: Contours of correlation coefficients between -Cp at x/H1=0.4 and u for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.5: Contours of correlation coefficients between -Cp at x/H1=0.4 and v for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.6: Contours of correlation coefficients between -Cp at x/H1=0.8 and |v| for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.7: Contours of correlation coefficients between -Cp at x/H1=0.8 and u for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L.  
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Figure C.8: Contours of correlation coefficients between -Cp at x/H1=0.8 and v for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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Figure C.9: Contours of correlation coefficients between -Cp at x/H1=0.4 and λ for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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Figure C.10: Contours of correlation coefficients between -Cp at x/H1=0.8 and λ for 
upstream conditions (a) 1S, (b) 1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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Appendix D: Statistical distributions of |V|CA/Ur,LE 
 
  
(a) (b) 
  
(c) (d) 
  
(e) 
(f) 
 
Figure D.1: Statistical distributions of |V|CA/Ur,LE for upstream conditions (a) 1S, (b) 
1L, (c) 2S, (d) 2L, (e) 3S and (f) 3L. 
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Appendix E: Permissions for reuse of copyrighted material 
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